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teristics  of  laser-EXAFS.  It  is  realistic  to  say  that  an  entirely  new  chapter 
in  the  history  of  structural  analysis  has  been  begun  by  this  work,  as  the  de¬ 
tailed  structures  of  transient  species  can  now  be  probed  on  a  time  scale  never 
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PROJECT  SUMMARY 


The  technique  of  Extended  X-Ray  Absorption  Fine  Structure 
(EXAFS)  spectroscopy  has  become  an  increasingly  important  tool  in  recent 
years  for  the  study  of  chemical  structure  in  samples  which  lack  long-range 
order,  such  as  amorphous  solids,  catalysts,  solutions  of  biologically  im¬ 
portant  materials,  and  gases.  These  studies  have  gained  impetus  in  recent 
years  by  virtue  of  the  availability  of  synchrotron  radiation,  which  pro¬ 
vides  a  continuous  and  intense  spectrum  of  the  soft  x-rays  required  for 
EXAFS,  A  synchrotron,  however,  is  an  expensive,  cumbersome  source  of 
x-rays,  to  which  scientists  must  travel  in  order  to  perform  their  experi¬ 
ments.  A  laser  x-ray  source,  on  the  other  hand,  is  relatively  compact, 
inexpensive,  and  simple  to  operate  and  maintain.  Furthermore,  '■here  are  a 
variety  of  novel  EXAFS  experiments  which  are  inherently  beyond  the  cap¬ 
abilities  of  synchrotron  radiation  sources.  These  experiments,  which  re¬ 
quire  short  pulse  widths  and  intense  fluxes  of  low-energy  (<5  keV)  x-rays, 
are  ideally  sited  to  laser-produced  x-rays. 

The  research  conducted  under  this  grant  has  successfully  proven 
the  feasibility  of  using  laser-produced  x-rays  to  perform  EXAFS  experi¬ 
ments,  and  has  led  to  the  demonstration  that  well-resolved  EXAFS  spectra 
of  light  elements  (such  as  aluminum  and  magnesium)  can  be  obtained  using  a 
single  multi-nanosecond  pulse  of  laser-produced  x-rays.  In  addition,  this 
research  has  led  to  the  development  of  the  "flash-EXAFS"  technique,  in 
which  the  transient  structural  changes  which  occur  upon  thermal  or  optical 
excitation  of  a  sample  can  be  studied  in  real  time  (on  a  nanosecond  time 
scale)  by  exploiting  the  short  pulse  characteristics  of  laser-EXAFS.  It 
is  realistic  to  say  that  an  entirely  new  chapter  in  the  history  of  struc¬ 
tural  analysis  has  been  begun  by  this  work,  as  the  detailed  structures  of 
transient  species  can  now  be  probed  on  a  time  scale  never  before  possible. 

Much  research  remains  to  be  done,  as  is  true  of  any  new  techni¬ 
ques.  A  wide  range  of  flash-EXAFS  experiments  can  be  conceived  which  are 
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of  utmost  scientific  importance,  and  which  may  have  ultimate  practical 
value  to  the  Air  Force,  as  well.  Among  these  are  studies  of  the  transient 
structural  changes  which  occur  in  photo-excited  organic  and  organometallic 
compounds  (important  with  regard  to  such  systems  as  photosynthesis,  dye 
degradation,  and  caraoflage  paint  deterioration)  and  those  which  occur  in 
flash-melted  metals  and  alloys  (important  with  regard  to  the  study  of 
laser  effects  on  structural  materials  in  missiles  and  aircraft).  In  ad¬ 
dition,  there  remains  a  need  for  continued  refinement  of  the  laser-EXAFS 
technique  itself,  particularly  with  respect  to  the  upgrading  of  the  laser 
and  detector  systems,  and  further  improvements  in  the  data-analysis  soft¬ 
ware.  It  is  our  hope  that  this  research  can  be  carried  out  in  the  not- 
too-distant  future,  so  as  to  ensure  continued  improvement  in  the  utility 
of  this  most  promising  new  technique. 
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INTRODUCTION 


The  problem  of  determining  the  identities  and  the  exact  spatial 
arrangement  of  the  atoms  surrounding  any  particular  atom  in  a  molecule  is 
extremely  important,  and  is  fundamental  to  understanding  the  chemical 
structure  of  any  type  of  liquid,  gas,  or  solid.  In  the  case  of  materials 
with  long-range  order,  such  as  perfect  crystals,  this  information  can  of¬ 
ten  by  obtained  with  X-ray  or  particle  beam  diffraction  techniques.  The 
diffraction  techniques  rely  on  the  fact  that,  in  a  perfect  lattice,  all  of 
the  atoms  will  reside  at  fixed,  periodic  distances  from  any  given  atom, 
and  that  this  periodicity  will  be  retained  regardless  of  how  far  one  moves 
within  the  lattice  from  the  atom  in  question. 

For  materials  without  such  long-range  order,  the  diffraction 
techniques  are  far  less  useful;  one  can  determine  local  configurations  in 
this  way  only  for  relatively  simple  molecules  composed  of  a  single  ele¬ 
ment.  Considerable  insight  on  more  complicated  molecules  can  be  gained 
from  optical  spectroscopy  and  magnetic  resonance  techniques.  However, 
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these  techniques  suffer  from  the  drawback  of  providing  only  indirect  evi¬ 
dence,  from  which  the  structural  parameters  of  interest  for  any  given 
molecule  must  be  calculated  or  inferred. 

A  powerful  new  structural  analysis  technique,  involving  the  use 
of  "soft"  X-rays  (with  energies  of  roughly  0.1  to  20  KeV),  has  recently 
been  developed.  This  technique,  known  as  EXAFS  (Extended  X-ray  Absorption 
Fine-Structure)  Spectroscopy,  can  provide  direct  structural  information  on 
complex  materials  which  lack  long-range  order,  and  promises  to  revolu¬ 
tionize  the  analysis  of  chemical  structure. 

The  essential  features  of  EXAFS  spectroscopy  are  depicted  sche¬ 
matically  in  Figure  1.  In  EXAFS,  the  local  configuration  in  the 
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FIGURE  1.  SCHEMATIC  ILLUSTRATION  OF  AN  EXTENDED  X-RAY 
ABSORPTION  FINE  STRUCTURE  (EXAFS)  SPECTRUM 


vicinity  of  a  given  atom  embedded  in  a  solid,  liquid,  or  gas  molecule  is 
indicated  by  the  tiny  "wiggles"  on  the  X-ray  absorption  edge  of  that  atom. 
Because  this  fine  structure  is  caused  by  the  scattering  of  photoelectrons 
from  neighboring  atoms,  the  mathematical  analysis  of  the  fine  structure 
provides  direct  information  about  the  positions  of  these  atoms.  EXAFS  is 
thus  capable  of  revealing  the  actual  distances  from  the  x-ray  absorbing 
atom  to  its  nearest  neighbors  and  can,  in  addition,  provide  information 
about  the  chemical  identities  of  its  nearest  neighbors. 

Chemical  structure  research  with  EXAFS  has  been  limited  in  the 
past  by  the  lack  of  suitably  intense  sources  of  soft  X-rays.  This  defic¬ 
iency  is  now  being  remedied  to  some  extent  by  the  increasing  availability 
of  synchrontron  radiation,  which  has  recently  been  harnessed  in  a  number 
of  X-ray  test  facilities  throughout  the  world. (U  However,  synchrotron 
radiation  is  unlikely  to  be  fully  satisfactory  as  a  X-ray  source  due  to 
the  enormous  size  and  expense  of  the  required  facilities,  and  the  corres¬ 
ponding  need  for  most  researchers  to  perform  their  experiments  at  remote 
locations. 

The  best  hope  for  providing  a  relatively  small,  inexpensive,  and 
transportable  X-ray  source  for  EXAFS  research  lies  in  the  further  devel¬ 
opment  of  laser-produced  X-rays.  High-powered  laser  pulses  can  provide 
high  intensity  X-rays  with  continuously  tuneable  wavelengths,  as  required 
for  EXAFS.  The  additional  feature  that  the  x-rays  are  produced  in  a  sin¬ 
gle,  intense,  ultrashort  burst  that  can  be  synchronized  readily  with  op¬ 
tical  or  electrical  excitation  of  the  sample  provides  a  new  capability: 
the  ability  to  easily  perform  fast-kinetic  experiments  on  short-lived  ex¬ 
cited  electronic  states  of  molecules,  reactive  chemical  intermediates,  and 
transient  phase  changes  in  excited  materials. 

The  research  described  in  this  report  has  been  conducted  because 
of  Battelle's  belief  that  an  adequate,  and  perhaps  nearly  ideal,  source 
of  soft  X-rays  is  now  available  at  Battelle’s  Columbus  Laboratories. 

Laser  pulses  from  neodymium-doped-glass  lasers  have  been  converted  into 
X-rays  at  Battelle  with  efficiencies  ranging  from  10  to  30  percent , (2, 3) 


and  the  laser-generated  X-rays  have  been  used  in  the  past  to  produce  soft 
X-ray  radiographs.^)  The  technique  used  for  generating  the  X-rays  in¬ 
volves  vaporizing  and  ionizing  material  at  the  surface  of  a  solid  target 
with  an  approximately  1-joule,  approximately  10-nanosecond  prepulse,  and 
laser  heating  the  resulting  low-temperature  plasma  to  the  multikilovolt 
regime  with  a  10  to  100-joule,  approximately  1-nanosecond  main  pulse  via 
the  inverse  bremsstrahlung  absorption  process.  The  prepulse  strikes  a 
100-  to  200-micron  diameter  focal  spot  at  an  incident  intensity  of  about 
10H  w/cm^,  whereas  the  main  pulse  strikes  it  at  about  10^  w/cra^. 

The  X-rays  are  produced  int  the  plasma  by  bremsstrahlung,  recombination 
radiation,  and  line  radiation.  More  than  20  joules  of  X-rays,  with  ener¬ 
gies  between  .3  and  1.5  keV,  have  been  produced  in  this  way  in  a  single 
beam,  multinanosecond  laser  shot. (3) 

Because  the  laser  system  required  for  this  purpose  is  far 
smaller  and  less  expensive  to  set  up  and  operate  than  a  synchrotron  X-ray 
source,  Battelle  feels  that  the  successful  demonstration  of  EXAFS  mea¬ 
surements  using  laser-produced  X-rays,  as  described  in  this  report,  could 
revolutionize  the  study  of  molecular  structure  by  making  the  advanced  X- 
ray  techniques  that  are  currently  employed  only  at  synchrotron  facilities 
accessible  to  a  large  number  of  organizations  which  might  otherwise  be 
precluded  from  the  use  of  the  limited  number  of  synchrotron  facilities 
available.  It  also  allows  the  performance  of  novel  EXAFS  experiments 
which  are  inherently  beyond  the  capabilities  of  synchrotron  radiation 
sources  or  rotating-anode  x-ray  generators. 

References 

1.  (a)  A.  Robinson,  Science,  190,  1074  (1975);  (b)  W.  Metz  and  A. 

Robinson,  ibid ,  190,  1186  (1975);  (c)  A.  Robinson,  Science,  206,  353 

(1979). 


2«  P.  J.  Mallozzi,  H.  M.  Epstein,  R.  G.  Jung,  D.  C.  Applebaum,  B.  P. 
Fairand,  and  W.  J.  Gallagher,  "X-ray  Emission  from  Laser-Generated 
Plasmas",  in  "Fundamental  and  Applied  Laser  Physics;  Proceedings  of 
the  Esfahan  Symposium",  Wiley,  New  York  (1973). 

3.  P.  J.  Mallozzi,  H.  M.  Epstein,  R.  G.  Jung,  D.  C.  Applebaum,  B.  P. 
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Program  Objectives 

The  overall  objective  of  thit„  research  program  has  been  to 
critically  evaluate  the  feasibility  of  using  laser-produced  X-rays  for  the 
elucidation  of  chemical  structures  by  means  of  EXAFS  spectroscopy.  In 
performing  this  research,  emphasis  has  been  placed  on  the  following  tasks: 

•  Implementation  and  Improvement  of  Laser-EXAFS  Capabilities  - 
including  modifications  to  the  X-ray  sample  handling  area  and 
data  acquisition  system  at  Battelle's  laser  facility,  and  the 
acquisition  of  the  necessary  computer  software  for  the 
deconvolution  and  interpretation  of  EXAFS  data.  The 
objective  of  this  task  have  been  to  acquire  state-of-the-art 
capabilities  for  performing  and  interpreting  EXAFS 
experiments  at  Battelle. 

•  System  Verification  and  Optimization  -  with  the  objective  of 
demonstrating  that  Battelle's  laser  facility  is  capable  of 
reproducing  published  EXAFS  spectra  on  several  well- 
characterized  samples,  including  at  least  one  sample  which 
has  been  previously  studied  using  synchrotron  radiation. 


•  Scientific  Utilization  of  the  Modified  Laser  Facility  -  with 
the  objective  of  utilizing  the  EXAFS  capabilities  developed 


in  the  course  of  the  proposed  program  for  the  study  of 
samples  of  current  scientific  interest,  such  as  structural 
kinetic  studies  of  optically  excited  molecules  and  reactive 
intermediates,  the  analysis  of  novel  alloys  and  catalysts, 
and  studies  of  the  behavior  of , rapidly  solidifying  materials. 

The  results  which  have  been  obtained  during  the  course  of  the 
program  are  described  in  detail  in  the  follow  manuscripts. 
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Reprinted  from:  ADVANCES  IN  X-RAY  ANALYSIS,  Vol .  22  (1979) 
Edited  by  Greqory  J.  McCarthy 
Book  available  from:  Plenum  Publishing  Corp. 
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LASER-PRODUCED  PLASMAS  AS  AN  ALTERNATIVE  X-RAY  SOURCE  FOR 
SYNCHROTRON  RADIATION  RESEARCH  AND  FOR  MICRORADIOGRAPHY 

P.  J.  Mallozzi,  H.  M.  Epstein,  and  R.  E.  Schwerzel 

Battelle  Memorial  Institute 

SOS  King  Avenue,  Columbus,  Ohio  43201 


ABSTRACT 


The  radiation  from  plasmas  produced  by  the  interaction  of  a 
pulsed  laser  and  a  solid  target  can  be  made  to  fall  in  the  soft 
x-ray  regime.  The  x-rays  can  serve  as  an  alternative  to  the  in¬ 
creasingly  important  synchrotron  radiation  facilities  for  a  vari¬ 
ety  of  techniques  such  as  Extended  X-ray  Absorption  Fine-Structure 
Spectroscopy  and  X-ray  Lithography.  In  addition,  the  x-rays  are 
of  special  interest  for  general  microradiography  of  thin  samples. 


I.  An  Alternative  X-Ray  Source  For 
Synchrotron  Radiation  Research 

In  recent  years,  synchrotron  radiation  has  evolved  from  a  lab¬ 
oratory  curiosity  to  the  foundation  of  a  technique  widely  exploited 
by  physicists,  chemists,  and  biologists.  (1)  Among  the  research 
areas  explored  with  synchrotron  radiation  are  the  investigation  of 
chemical  structure  by  means  of  EXAFS  (Extended  X-ray  Absorption  Fine 
Structure)  and  ESCA  (Electron  Spectroscopy  for  Chemical  Analysis) 
techniques,  and  the  replication  of  sub-micrometer  linewidth  patterns 
by  an  x-ray  lithographic  technique.  (1)  The  purpose  of  this  paper 
is  to  discuss  how  these  and  other  applications  of  synchrotron  radi¬ 
ation  might  be  performed  with  a  laser-plasma  x-ray  source.  Because 
che  laser  system  is  far  smaller  and  less  expensive  than  a  synchro¬ 
tron,  it  is  felt  that  laser-produced  x-rays  could  make  the  x-ray 
techniques  that  are  currently  employed  only  at  synchrotron  facil¬ 
ities  accessible  to  a  large  number  of  organizations  which  might 
otherwise  be  precluded  from  che  use  of  che  limited  number  of 
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synchrotron  facilities  available.  In  addition,  laser-produced  x-rays 
would  allow  the  performance  of  novel  x-ray  experiments  which  are  in¬ 
herently  beyond  the  capabilities  of  synchrotron  radiation  sources, 
particularly  chose  which  make  use  of  the  short,  intense  pulse  struc¬ 
ture  of  laser-produced  x-rays  for  fast-kinetic  studies. 

X-Ray  Lithography.  It  is  well  established  that  x-ray  litho¬ 
graphy  is  an  effective  means  for  replicating  sub-micrometer  line- 
width  pacterns.  (2)  Besides  replicating  test  patterns,  the  tech¬ 
nique  has  been  used  to  fabricate  surface  acoustic  wave  devices, 
bubble  domain  devices,  2E  diodes,  bipolar  cransitors,  and  MOS  trans- 
itors.  The  basic  concept  of  x-ray  lithography  is  to  use  the  smaller 
wavelength  of  an  x-ray  source  instead  of  the  long  wavelength  of  an 
ultraviolet  source.  This  essentially  eliminates  the  diffraction 
limitation  of  the  ultraviolet  source.  With  this  eliminated,  x-ray 
lithography  is  capable  of  producing  line  patterns  with  an  "error" 
or  "replication  accuracy",  6,  of  1000  A .  Patterns  this  small  are 
near  the  theoretical  limit  for  microcircuit  fabrication. 

Many  difficult  problems  must  be  solved  before  small  geometry 
circuit  manufacture  by  x-ray  lithography  becomes  a  commercial  real¬ 
ity.  The  two  main  obstacles  appear  to  be  (a)  alignment  of  the  mask 
with  respect  to  the  wafer,  and  (b)  development  of  an  adequate  x-ray 
source . 

Recent  work  by  Austin,  Smith,  and  Flanders  suggests  that  the 
problem  of  mask  alignment  is  well  on  its  way  to  solution.  (3)  These 
authors  have  developed  a  new  laser  interferometric  technique  that  in 
principle  should  be  capable  of  aligning  masks  relative  to  wafers  with 
a  superposition  precision  of  100  A.  The  technique  is  compatible  with 
x-ray  lithography,  and  is  adaptable  to  automation. 

It  should  be  noted  that  the  second  problem,  development  of  an 
adequate  x-ray  source,  is  also  solvable,  primarily  because  of  work 
performed  at  Battelle.  (4,5)  Experiments  have  been  performed  at 
Battelle  in  which  a  COP  photoresist  was  exposed  a  distance  of  20 
centimeters  from  a  laser  plasma  x-ray  source.  (5)  The  basic  experi¬ 
mental  configuration  is  shown  in  Figure  1.  The  x-rays  passed  through 
a  mask  consisting  of  a  relatively  transparent  layer  of  silicon,  3  or 
4  microns  thick,  on  which  a  relatively  opaque  layer  of  gold,  shaped 
in  a  circuit  pattern,  was  arrayed.  The  mask  to  wafer  separation  was 
30  microns.  Four  laser  shots  were  required  to  expose  the  photoresist 
at  20  centimeters.  At  10  centimeters,  a  single  laser  shot  sufficed. 
Pattern  replication  was  perfectly  faithful  within  the  limits  of  opti¬ 
cal  microscopy,  as  shown  in  Figure  2. 

The  technique  used  for  generating  the  x-rays  involves  vaporizing 
and  ionizing  material  at  the  surface  of  a  solid  target  with  an  ap¬ 
proximately  1-joule,  approximately  10-nanosecond  prepulse,  and  laser 
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FIGURE  2.  TYPICAL  LITHOGRAPHIC  PATTERN  MADE  WITH  LASER-PRODUCED 
X-RAYS. 


heating  the  resulting  low- temperature  plasma  to  the  multi-kilovolt 
regime  with  a  10  to  100- joule,  approximately  1  nanosecond  main  pulse 
via  the  inverse  bremsstrahlung  absorption  process.  The  prepulse 
strikes  a  100-  to  200-micron  diameter  focal  spot  at  an  incident  in¬ 
tensity  of  about  10**  W/cm  ,  whereas  the  main  pulse  strikes  it  at 
about  10*^  W/cm2.  The  x-rays  are  produced  in  the  plasma  by  brems¬ 
strahlung,  recombination  radiation,  and  line  radiation.  More  than 
20  joules  of  x-rays,  with  energies  between  0.3  and  1.5  keV,  have  been 
produced  in  this  way  in  a  single  beam,  multinanosecond  laser  shot. (4) 

Chemical  Structure.  Two  powerful  new  structural  analysis  tech¬ 
niques,  both  involving  the  use  of  "soft"  x-rays  (with  energies  of 
roughly  0.1  to  10  keV),  have  recently  been  developed.  Because  these 
techniques  can  provide  direct  structural  Information  on  complex  mate¬ 
rials  which  lack  long-range  order,  they  promise  to  revolutionize  the 
analysis  of  chemical  structure. 
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One  of  these  techniques  is  known  as  EXAFS.  The  essential  fea- 
tures  of  EXAFS  spectroscopy  are  schematically  depicted  in  Figure  3. 

In  EXAFS,  the  local  configuration  in  the  vicinity  of  a  given  atom 
embedded  in  a  solid,  liquid,  or  gas  molecule  is  indicated  by  the  tiny 
"wiggles"  on  the  x-ray  absorption  curve  of  that  atom.  Because  this 
fine  structure  is  caused  by  the  scattering  of  photo-electrons  from 
the  neighboring  atoms,  the  mathematical  analysis  of  the  fine  struc¬ 
ture  provides  direct  information  about  the  positions  of  these  atoms. 
The  other  technique,  which  is  schematically  depicted  in  Figure  4,  is 
a  refinement  of  ESCA.  In  the  ESCA  approach,  a  highly  monochromatic 
beam  of  x-rays  strikes  the  surface  of  the  sample,  and  the  energy  spec¬ 
trum  of  the  photoelectrons  ejected  from  the  surface  is  measured.  The 
configuration  in  the  vicinity  of  a  given  atom  is  indicated  by  the 
energy  shifts  in  the  photoelectron  spectrum  relative  to  the  energy  of 
an  electron  ejected  from  the  same  type  of  atom  in  free  space. 


I 
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FIGURE  3.  SCHEMATIC  ILLUSTRATION  OF  AN  EXTENDED  X-RAY  ABSORPTION 
FINE  STRUCTURE  (EXAFS)  SPECTRUM. 
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FIGURE  4.  SCHEMATIC  ILLUSTRATION  OF  ELECTRON  SPECTROSCOPY  FOR 
CHEMICAL  ANALYSIS  (ESCA) . 


It  would  be  useful  to  compare  laser  x-rays  with  synchrotron  x- 
rays,  particularly  from  the  point  of  view  of  performing  EXAFS  and 
ESCA  experiments. 

Synchrotron  facilities  harnessed  for  x-ray  research  typically 
deliver  a  time-average,  broad-band  x-ray  power  of  several  watts  in 
a  well  collimated  1  mm  diameter  beam.  They  can  therefore  deliver 
10  joules  of  more-or-less  CW  x-rays  to  a  sample  in  a  time  interval 
of  several  seconds.  This  is  about  the  same  number  of  Joules  that 
are  radiated  into  2tt  steradians  in  a  few  nanoseconds  by  an  approxi¬ 
mately  100  p.m  diameter  laser  plasma  x-ray  source.  It  should  be  noted 
that  the  laser-produced  x-rays  are  concentrated  in  a  much  narrower 
spectral  band  than  the  synchrotron  x-rays. 

A  major  treatise  could  be  written  concerning  the  relative  util¬ 
ity  of  laser-produced  x-rays  and  synchrotron  x-rays  for  various  re¬ 
search  purposes.  In  general,  the  two  sources  are  rather  different, 
and  their  relative  utility  depends  on  the  particular  application  one 
has  in  mind.  There  is  little  question,  however,  that  the  laser  x-ray 
source  can  play  an  absolutely  unique  role  in  fast  time-resolved  EXAFS 
studies.  This  is  most  easily  seen  on  contemplation  of  laser-produced 
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x-ray  spectra  taken  with  a  bent  crystal  spectrometer.  These  spectra 
can  be  taken  with  a  single  multinanosecond  x-ray  exposure  and  the  op¬ 
tical  density  of  the  film  used  in  these  experiments  indicates  that  the 
number  of  photons  in  the  intense  spectral  lines  is  in  excess  of  10®per 
eV.  This  suggests  that  a  signal-co-noise  ratio  of  VlO8  ■  If/1  may  be 
ultimately  realized  in  fast  kinetic  EXAFS  studies.  Resolution  such 
as  this  on  a  nanosecond  time  scale  is  inherently  beyond  the  capabil¬ 
ity  of  synchrotron  beams. 


11.  Microradiography  With  a  Laser 
Plasma  X-Ray  Source 

X-rays  emitted  from  laser  generated  plasmas  are  a  unique  source 
for  microradiographic  analysis  of  thin  samples.  Among  their  advan¬ 
tages  over  conventional  sources  are:  (1)  typical  pulse  widths  of 
nanoseconds  or  less  can  stop  almost  any  motion;  (2)  strong  emission 
in  the  100's  of  eV  to  the  few  keV  range  provide  excellent  contrast; 
(3)  emissions  of  10's  of  joules  per  pulse  produce  flash  exposures 
intense  enough  for  sub-micron  resolution  in  typical  contact  radio¬ 
graph  configurations;  (4)  the  small  x-ray  source  size,  ~100  micro¬ 
meters,  reduces  penmubra  effects;  and  (5)  the  approximate  exponential 
decay  of  the  output  in  the  range  of  1  to  several  keV  is  useful  in  the 
quantitative  analysis  of  radiographs. 

A  laser  plasma  x-ray  source  emits  both  spectral  lines  and  brems- 
strahlung  radiation,  (6,7,8)  with  a  pronounced  grouping  of  L  lines  in 
the  vicinity  of  hv  «  1  keV  for  targets  in  the  atomic  number  range  of 
-25-30.  However,  samples  thicker  than  —10  micrometers  HjO  severely 
attenuate  the  lines,  and  the  plasma  bremsstrahlung  spectral  shape, 

0(hv)  a  exp  (-hv/KT)  , 

is  dominant.  (hv  is  the  photon  energy  and  KT  is  the  plasma  temper¬ 
ature.)  For  specimens  thicker  than  mm  ^0,  the  effective  plasma 
temperature  begins  to  increase  because  of  a  small  component  of  higher 
energy  radiation.  The  energy  density,  Ej,  absorbed  in  a  photographic 
emulsion  after  transmission  through  a  specimen  of  thickness,  x,  and 
absorption  cross  section,  a,  is 

Ej  as  c^/2nr2  S(hv)  exp  ( -®x  -  hv/KT] dhv  j/cm^  , 

where  S(hv)  Is  the  film  spectral  sensitivity  and  r  is  the  source-film 
distance.  The  Battelle  laser  can  produce  about  10  j  of  x-rays  in  a 
2tt  solid  angle  at  an  equivalent  temperature  of  —1  keV.  For  a  100  j 
laser  pulse,  c^  »  10. 

For  low  atomic  number  material  in  an  energy  range  where  attenua¬ 
tion  is  dominated  by  the  photoelectric  absorption. 
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Since  the  x-ray  emiaslon  from  Che  plasma  source  falls  off  exponenti¬ 
ally  with  increasing  energy  while  the  x-ray  transmissivity  of  the 
specimen  falls  off  rapidly  with  decreasing  energy,  the  resultant  x- 
rays  absorbed  in  the  film,  R(hv),  form  a  very  narrow  energy  band  as 
seen  in  Figure  5.  (If  an  absorption  edge  lies  within  the  R(hv)  peak 
a  differential  absorption  analysis  would  be  applicable  instead  of  the 
technique  described  here.)  These  x-rays  can  be  considered  as  approx¬ 
imately  monoenergetic  with  an  equivalent  energy  (hv)m  corresponding 
to  the  peak  of  R(hv),  which  depends  only  on  Che  thickness  and  compo¬ 
sition  of  the  specimen  for  a  given  film  and  source. 
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FIGURE  5.  EFFECT  OF  X-RAY  SPECTRUM  9,  DETECTOR  SENSITIVITY  S,  AND 
FOIL  TRANSMISSIVITY  ON  DETECTOR  RESPONSE  R. 


Any  quantitative  analysis  requires  information  on  the  sensivity 
function  S(hv)  of  the  film.  (9)  The  thick  emulsion  films  absorb  es¬ 
sentially  all  of  the  incident  x-rays  between  —1  and  5  to  10  keV.  Be¬ 
low  ~1  keV,  the  coating  over  the  emulsion  is  sufficiently  absorbing 
to  reduce  the  sensitivity,  and  above  ~5  keV  transmission  becomes  im¬ 
portant.  However,  the  peak  of  R(hv)  lies  in  the  ~l-5  keV  range  for  a 
wide  range  of  thin  sample  radiography  applications,  and  this  case  is 
worth  analysing  carefully. 
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For  constant  S(hv),  the  equivalent  energy  is  given  by 
(hv)m  -  (3c2x(KT)]1/a 

Because  of  the  sharply  peaked  integrand,  E£  can  be  evaluated  by  the 
saddle  point  method.  For  KT  «  1  keV, 

Ef  *  2.280  r'2  (c2x)1/8  exp  [-1.76  (c2x)1/4]  j/cm2 

Any  change  in  absorption  cross  section,  density,  or  thickness  will 
cause  a  change  in  E£,  and  the  resultant  energy  contrast  is  given  by 

C  •  |dEf/d(c2x))E£_1A(c2x)|  *  0.44  (c2x)*3/4  A(c2x) 

Commonly,  we  wish  to  determine  the  absorption  cross  section  of  a 
small  inclusion  of  thickness,  t,  to  evaluate  its  composition.  In 
the  linear  range  of  the  film, 

D  as  v  1°8  Ef 


and 


AD/v  *.  0.19  (c2x)*3/4tAc2 

By  taking  the  difference  in  optical  density,  D,  between  the  inclusion 
and  the  immediately  adjacent  region,  the  change  in  c2  can  be  deter¬ 
mined.  This  method  has  been  used  to  find  the  salt  concentration  of 
small  ducts  in  thin  biological  specimens,  for  example. 

Resolution.  The  quality  of  a  contact  microradiograph  is  deter¬ 
mined  by  several  factors (10) :  (1)  geometric  resolution,  (2)  blurring 

due  to  motion,  (3)  diffraction  limitations,  (4)  mottling  due  to  sta¬ 
tistical  fluctuations,  and  (5)  grain  size  and  noise  limitation  of  the 
film.  The  effect  of  (2)  and  (3)  can  generally  be  neglected  for  roost 
laser-plasma  x-ray  applications.  In  a  "contact"  microradiograph,  the 
resolvable  diameter  based  only  on  geometry  is  given  by(ll) 

Rs  -  Dgf/r 

where  l  is  the  distance  between  film  and  specimen  (limited  by  the 
specimen  thickness),  and  Ds  and  r  the  source  diameter  and  distance. 

Statistical  fluctuations  impose  a  limit  on  the  resolvable  dia¬ 
meter  given  by 

R#  *  2 . 5  /  C  » 

where  n  is  Che  fluence  in  photons/cm2  on  the  film.  Considering  both 
geometry  and  statistics,  we  can  chose  a  distance  to  yield  an  optimum 
resolution 
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Ropt  "  4-°  x  10-3  Ds1/3  C2 "2 7  x°'6°  exP  t0.29(c2x)l/4] (Ac2)‘1/3 
as  seen  in  Figure  6. 


FIGURE  6.  CONTRAST  AND  EFFECTIVE  X-RAY  ENERGY  AS  A  FUNCTION  OF  THE 
ABSORPTION  THICKNESS  PARAMETER  c2x. 


In  most  x-ray  film,  both  the  sensitivity  and  resolution  are  de¬ 
termined  by  silver  halide  grain  size.  An  increase  in  grain  size  pro¬ 
duces  an  increase  in  sensitivicy  and  a  decrease  in  resolution.  The 
sensitivity  is  roughly  proportional  to  the  area  of  the  grain  while 
the  resolving  power  is  inversely  proportional  to  the  grain  diameter. 
The  limit  on  resolution  imposed  by  the  film  grain  is  of  the  same 
order  of  magnitude  as  that  imposed  by  statistical  fluctuations.  The 
resolution  for  maximum  contrast,  C  *  l,  and  exposures  to  an  optical 
density  of  ~l  are  shown  for  several  films  in  Table  1. 

When  the  graininess  of  the  film  is  taken  into  account,  R  is 
increased  by  about  an  order  of  magnitude.  Contrasts  below  about  .01 
are  difficult  to  resolve  because  of  the  signal  to  noise  ratios  of  typ 
ical  films,  but  statistical  averaging  can  help  reduce  this  limitation 
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TABLE  1.  RESOLUTION  AND  SENSITIVITY  FOR  VARIOUS  KODAK  FILMS 


Film  Type 

Resolucion 

C  -  1 
(lines/mm) 

Exposure 

D  *  1  at  2  keV 
(ergs/cm^ ) 

NS  2T 

25 

0.1 

SO  424 

1250 

100 

RAR  2490 

160 

2 

RAR  2497 

649 

4000 

500 

Type  M 

50 

0.2 

FIGURE  7.  MINIMUM  RESOLVABLE  DIAMETER  VS.  THICKNESS  OF  WATER  WITH 
PERFECT  RECORDING  MEDIA. 
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For  x-ray  energies  at  which  the  sensitive  emulsion  of  a  film 
becomes  significantly  transmissive,  the  films  exhibit  a  strong  spec¬ 
tral  sensitivity.  Thin  emulsions  will  have  a  sensitivity  given  by 

S(hv)  or (hv)'3 

if  no  silver  absorption  edges  appear  in  the  R(hv)  peak.  In  case 
silver  absorption  edges  are  present  or  the  film  is  in  the  transi¬ 
tion  region  between  thick  and  thin,  S(hv)  can  usually  be  adequately 
approximated  by 

S  (hv)  c*(hv)'n 

It  can  be  seen  from  Figure  7  that  (hv)m  is  not  a  strong  function  of 
the  choice  of  n,  and  that  the  effect  of  n  on  contrast  is  not  large. 
Thus,  precise  characterizations  of  the  films  is  unnecessary. 
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Laser-EXAFS:  Fast  Extended  X-ray  Absorption  Fine  Structure 
Spectroscopy  with  a  Single  Pulse  of  Laser-Produced  X-rays 

Abstract.  The  extended  x-ray  absorption  fine  strait  lire  <  EXAFS)  spectrum  of 
aluminum  has  been  measured  with  a  nanosecond  pulse  of  soft  x-rays  generated  by  a 
laser-produced  plasma.  This  technique  provides  a  practical  alternative  to  synchro¬ 
tron  radiation  for  the  acquisition  ofEXAFS  data.  It  also  provides  a  unique  capability 
for  the  analysis  of  molecular  structure  in  highly  transient  chemical  species. 

Determining  the  identities  and  exact  magnetic  resonance  techniques.  How- 
spatial  arrangement  of  the  atoms  sur-  ever,  these  techniques  have  the  draw- 
rounding  any  particular  atom  in  a  mole-  back  of  providing  only  indirect  evidence, 
cule  is  fundamental  to  understanding  the  from  which  the  structural  parameters  of 
properties  of  any  type  of  liquid,  gas.  or  interest  fora  molecule  must  be  inferred, 

solid.  In  the  case  of  materials  with  long-  Many  of  these  limitations  can  be  over- 
range  order,  such  as  perfect  crystals,  this  come  with  the  recently  developed  tech- 

information  can  often  be  obtained  with  nique  of  extended  x-ray  absorption  fine 

x-ray  or  particle  beam  diffraction  tech-  structure  (EXAFS)  spectroscopy  (/.  2). 

niques.  Such  diffraction  techniques  rely  In  EXAFS  spectroscopy,  the  x-ray  ab- 

on  the  fact  that  all  of  the  atoms  in  a  per-  sorption  coefficient  of  a  material  is  mea- 

fect  lattice  reside  at  fixed,  periodic  dis-  sured  as  a  function  of  energy  from  the  K 

tances  from  any  given  atom,  and  that  this  edge  or  L  edge  of  a  specific  element  in 

periodicity  is  retained  regardless  of  how  the  material  to  as  far  as  1000  eV  above 

far  one  moves  within  the  lattice  from  the  the  edge.  The  absorption  of  x-rays  by  the 

atom  in  question.  element  is  accompanied  by  the  ejection 

For  materials  without  long-range  or-  of  photoelectrons,  which  can  be  scat- 

der,  the  diffraction  techniques  are  far  tered  from  neighboring  atoms.  Backscat- 

less  useful;  one  can  determine  local  con-  tering  of  these  photoeiectrons  from 

figurations  in  this  way  only  for  relatively  atoms  in  the  immediate  vicinity  of  the 

simple  molecules  composed  of  a  single  absorbing  atom  gives  rise  to  a  periodic 

element.  For  more  complicated  mole-  "wiggle"  structure  in  the  x-ray  absorp- 

cules,  considerable  insight  can  often  be  tion  spectrum  (/.  3.  4).  By  analyzing  this 

gained  from  optical  spectroscopy  and  wiggle  structure  above  the  absorption 
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Fig.  I.  Schematic  top 
view  of  laser-EXAFS 
experimental  configu¬ 
ration  showing  (Weir 
A )  the  positioning  of 
the  sample  in  the  x-ray 
beam. 


edge  of  a  particular  element,  information 
can  be  obtained  about  the  spatial  ar¬ 
rangement  of  atoms  in  the  immediate  vi¬ 
cinity  of  the  absorbing  species.  Since  on¬ 
ly  the  nearby  atoms  are  involved,  long- 
range  order  is  not  required:  therefore, 
the  EXAFS  technique  can  be  applied  to 
the  study  of  a  broad  class  of  materials, 
including  liquids,  gases,  and  amorphous 
or  crystalline  solids. 

In  the  past,  chemical  structure  re¬ 
search  with  the  EXAFS  technique  has 
been  limited  by  the  lack  of  suitably  in¬ 
tense  sources  of  x-rays.  This  deficiency 
is  now  being  remedied  to  some  extent  by 
the  increasing  availability  of  synchrotron 
radiation,  which  is  being  harnessed  in  a 
number  of  x-ray  test  facilities  throughout 
the  world  (3).  Certain  types  of  EXAFS 
experiments,  however,  cannot  be  per¬ 
formed  easily  with  synchrotron  x-ray 
sources.  Most  significant,  perhaps,  are 
experiments  designed  to  analyze  highly 
transient  structures  such  as  chemically 
reactive  intermediates  or  the  excited 
electronic  states  of  molecules.  These  ex¬ 
periments  could  be  carried  out  if  it  were 
possible  to  obtain  a  complete  EXAFS 
spectrum  with  a  single,  intense,  short 
pulse  of  x-rays  synchronized  with  the 
optical  or  electrical  excitation  of  the 
sample.  Previous  work  in  our  laborato¬ 
ries  has  indicated  that  laser-produced 
plasmas  should  be  nearly  ideal  x-ray 
sources  for  experiments  of  this  type  (6 ). 

We  report  here  that  it  is  possible  to  ob¬ 
tain  well-resolved  EXAFS  spectra  of 
light  elements  (atomic  numbers  up  to 
about  40)  with  a  single  pulse  of  soft  x- 
rays  produced  with  a  neodymium-doped- 
glass  laser.  The  basic  experimental  con¬ 
figuration  is  shown  in  Fig.  I.  In  a  typical 
experiment,  an  infrared  laser  pulse  with 
an  energy  of  approximately  100  J  and  a 
pulse  width  of  approximately  3'/:  nsec 
(full  width  at  half-maximum)  is  focused 
onto  a  solid  metal  slab  target,  thereby 


creating  a  surface  plasma  and  raising  it  to 
the  kilovolt  temperature  regime  by 
means  of  the  inverse  bremsstrahlung  ab¬ 
sorption  process.  The  laser  pulse  strikes 
a  focal  spot  100  to  200  Mm  in  diameter  at 
an  incident  intensity  of  about  I0'4  W> 
cm-.  The  resulting  x-ray  spectrum  is  dis¬ 
persed  by  Bragg  reflection  from  a  flat 
KAP  (potassium  acid  phthalate)  crystal 
and  recorded  on  photographic  film.  The 
position  and  range  of  the  recorded  spec¬ 
trum  can  be  varied  easily  by  adjusting 
the  size  and  position  of  the  dispersing 
crystal.  As  shown  in  Fig.  1.  the  system  is 
so  arranged  that  the  thin-film  sample  oc¬ 
cupies  half  of  the  x-ray  beam.  The  re¬ 
flected  (diffracted)  x-rays  thus  form  a 
double  image  on  the  photographic  film, 
with  the  reference  portion  of  the  reflect¬ 
ed  beam  striking  the  lop  half  and  the 
sample  portion  of  the  beam  striking  the 
lower  half  of  the  film.  In  this  way.  the 
entire  spectrum  is  recorded  at  once,  us¬ 
ing  a  single  laser  pulse.  The  EXAFS 
spectrum  can  easily  be  extracted  from 
the  data  since  the  incident  and  trans- 


Fig.  2.  Laser-EXAFS  spectrum  of  aluminum 
foil. 


mitted  x-ray  intensities  are  known  for 
each  wavelength. 

We  used  film  because  the  need  to  re¬ 
cord  the  entire  spectrum  in  a  few  nano¬ 
seconds  rules  out  detectors  based  on  the 
counting  of  individual  photons.  Film  is 
the  simplest  alternative  and.  when  eval¬ 
uated  by  digital  densitometer  tech¬ 
niques.  is  capable  of  high  resolution  and 
contrast  discrimination.  With  proper 
choice  of  film  type,  grain  size,  exposure, 
and  data  handling,  it  is  possible  to  obtain 
results  approaching  the  statistical  limit 
allowed  by  the  incident  x-ray  photon 
fluence.  Because  the  photographic  film  is 
a  nonlinear  recording  medium,  it  is  nec¬ 
essary  to  multiply  the  measured  optica) 
densities  by  a  known  response  factor  to 
determine  the  absolute  x-ray  flux  at  each 
wavelength.  This  data  handling  is  done 
with  an  on-line  minicomputer. 

The  capabilities  of  this  technique  are 
illustrated  by  the  laser-EXAFS  spec¬ 
trum.  shown  in  Fig.  2.  of  a  thin  (2.0  Mmi 
foil  of  aluminum  (7).  This  spectrum  is 
representative  of  our  results  to  date  and 
was  obtained  with  the  x-rays  produced 
by  a  single  laser  pulse  incident  on  an  iron 
slab  target.  Iron  was  chosen  as  the  target 
material  because  it  produced  mainly  con¬ 
tinuum  emission  in  the  vicinity  of  the 
aluminum  K  edge.  The  same  EXAFS 
spectrum  was  obtained  when  the  sample 
was  exposed  to  a  pulse  of  x-rays  pro¬ 
duced  by  a  copper  laser  target,  showing 
that  the  results  obtained  by  this  tech¬ 
nique  are  independent  of  the  target  mate¬ 
rial.  at  least  for  targets  with  relatively 
smooth  x-ray  emission  in  the  vicinity  of 
the  absorption  edge  being  studied. 

The  measured  spectrum  can  be  inter¬ 
preted  on  the  basis  of  the  generally  ac¬ 
cepted  formula  for  EXAFS  (/) 


\<k)  = 


V  V'  s,  -~R 
>  'ttt  r .( 2A  i  exp|  - 


4t Th-k  —  R ■ - -  / 

sin  [2kRt  +  25, dU]  exp(-  2k -'ir/'l  (I) 


Here  *Mi  is  the  fractional  modulation  of 
the  absorption  coefficient  due  to 
EXAFS:  x<Ai  =  </u  -  where  m„ 

is  the  absorption  coefficient  for  a  single 
atom  in  a  vacuum.  The  quantity  k  = 
[0.2624671  E  -  E,^,,.)]' 2  is  the  photoelec¬ 
tron  wave  vector  in  reciprocal  ang¬ 
stroms.  where  E  is  energy  in  electron 
volts:  in  is  the  electron  mass;  h  is 
Planck's  constant:  N,  is  the  number  of 
atoms  scattering  at  the  distance  R,:n2k\ 
is  the  electron  scattering  matrix  in  the 
backward  direction  for  atoms  at  R,:  I  is 
the  mean  free  path  of  the  electron: 
exp(-2ir,2A2)  is  a  Debye-Waller  factor 
due  to  thermal  vibrations  or  static  dis¬ 
order  with  root-mean-square  fluctua¬ 
tions  cr,;  and  sin[2A7?,  +  28,U)J  is  the  si- 
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nusoidal  interference  term.  8 :iki  being 
the  phase  shift.  A  full  analysis  of  the 
spectrum  on  the  basis  of  Eq.  1  requires 
the  use  of  computer-assisted  Fourier 
transform  techniques  (/.  2l.  However,  it 
is  more  illustrative  for  the  present  pur¬ 
pose  to  employ  a  straightforward  graph¬ 
ical  technique  (  / 1  to  deduce  the  nearest- 
neighbor  distance. 

The  graphical  technique  is  based  on 
the  fact  that  the  EXAFS  curve  is  usually 
dominated  by  scattering  from  the  nearest 
neighbor.  This  is  especially  true  of  the 
positions  of  the  principal  maxima  and 
minima,  which  are  determined  mainly  by 
the  first  sine  term  in  Eq.  1.  namely 
sin[2k/f,  +  25,( A. t].  if  8,  is  linear  in  k. 
then  8,  =  a,k  ■+■  3,.  and  the  argument 
of  the  sine  term  takes  the  form 
2ktR,  -  a,)  +  2/3,.  The  approximate  po¬ 
sitions  of  the  maxima  and  the  minima  of 
the  EXAFS  curve  are  thus  given  by 

hit  =  2A(/?,  -  a,l  +  2 3,  (2) 

where  n  =  0.  2.  4. .  .  .for  maxima  and  I . 
3.5..  .  .for  minima.  A  plot  of  n  against  k 
for  the  dominant  maxima  and  minima  of 
the  EXAFS  spectrum  shown  in  Fig.  2  is 
given  in  Fig.  3  with  k  =  0  taken  to  corre¬ 
spond  to  the  inflection  point.  £* 

=  1552  eV.  of  the  measured  x-ray  ab¬ 
sorption  coefficient.  The  points  closely 
fit  a  straight  line  with  a  slope  (2/tr) 
(/?,  -  a,i  of  1.7  A.  This  leads  to  the  basic 
result  (/?,  -  a,)  =  2.6A.  Srce  /?,  >> 
a,  (a,  is  typically  a  few  tenths  of  an  ang- 
stroml.  this  result  is  in  good  agreement 
with  the  known  nearest-neighbor  dis¬ 
tance  of  2.86  A  for  the  aluminum  face- 
centered-cubic  lattice  (8). 

The  spectrum  presented  in  Fig.  2  is 
noteworthy  for  several  reasons.  It  illus¬ 
trates  the  capability  of  the  laser-EXAFS 
technique  to  record  EXAFS  spectra  of 
light  elements  with  absorption  edges  be¬ 
low  about  3  keV.  which  are  difficult  to 


Fig.  3.  Graph  of  >i  versus  k  for  aluminum.  The 
points  correspond  to  the  features  indicated  by 
arrows  in  Fig.  2. 


or  "movies"  of  the  structural  changes 
that  occur  in  molecules  when  they  are 
excited  by  optical  or  other  means.  If  this 
proves  to  be  the  case.  laser-EXAFS  will 
have  provided  an  important  new  dimen¬ 
sion  to  the  study  of  chemical  structure 
by  x-ray  absorption  techniques. 
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study  with  other  x-ray  sources.  The 
technique  is  particularly  suitable  at  pres¬ 
ent  for  the  study  of  K-edge  EXAFS 
spectra  of  the  elements  from  carbon  to 
sulfur  and  of  L-edge  EXAFS  spectra  of 
the  elements  from  sulfur  to  molybde¬ 
num.  More  important,  however,  the 
complete  laser-EXAFS  spectrum  pre¬ 
sented  in  Fig.  2  was  obtained  in  only  a 
few  nanoseconds  with  a  single  pulse  of 
laser-produced  x-rays.  This  represents  a 
dramatic  improvement  in  the  speed  and 
ease  of  obtaining  EXAFS  data  compared 
to  what  is  possible  with  other  known  x- 
ray  sources.  The  technique  also  makes 
possible  the  measurement  of  "flash- 
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FOREWORD 

This  Proceedings  is  the  outcome  of  a  "Workshop  on  Laboratory 
EXAFS  Facilities  and  Their  Relation  to  Synchrotron  Radiation  Sources" 
held  in  Seattle,  Washington,  April  28-30,  1980.  The  Workshpp  was 
held  to  evaluate  the  capabilities  of  Extended  X-ray  Absorption  Fine 
Structure  (EXAFS)  facilities  using  conventional  bremstrahlung  sources, 
which  are  suited  for  use  in  one's  own  laboratory,  and  to  assess  their 
relationaship  to  the  EXAFS  facilities  at  national  synchrotron  radi¬ 
ation  sources. 

In  the  last  decade,  after  it  was  shown  chat  EXAFS  can  be  uti¬ 
lized  to  obtain  information  on  the  atomic  arrangement  of  materials*, 
EXAFS  measurements  have  experienced  a  phenomenal  growth.  The  feature 
of  EXAFS  that  makes  it  attractive  is  its  capability  to  measure  the 
atomic  arrangement  around  a  chosen  atom  type  independent  of  whether 
the  material  is  crystalline  or  not.  This  new  technique  has  made 
feasible  structure  determination  on  systems  that  were  not  amenable 
to  the  more  standard  techniques. 

The  demand  to  do  EXAFS  measurements  gave  an  impetus  to  the 
development  of  synchrotron  radiation  sources.  At  the  sources,  EXAFS 
facilities  were  constructed  and  instrumentation  developed  which 
greatly  facilitated  the  measurements.  The  EXAFS  facilities  at  the 
Stanford  Synchrotron  Radiation  Laboratory,  the  first  of  such  facili¬ 
ties,  made  accessible  EXAFS  measurements  to  the  general  scientific 
community  leading  to  a  spectacular  growth  in  the  application  of  the 
technique.  As  the  scientific  community  became  acquainted  in  this 
manner  to  the  usefulness  of  EXAFS  the  demand  quickly  outstripped  the 
available  facilities.  For  this  and  other  reasons  described  in  the 
Proceedings  there  began  a  trend  to  develop  techniques  for  doing 
EXAFS  measurements  in  the  laboratory  reviving  a  technology  that  had 
almost  disappeared.  The  1930's  saw  the  development  of  the  basic 
technology  being  used  today.  However,  the  modern  instruments 
described  in  the  Proceedings  take  fuil  advantage  of  computer  tech¬ 
nology  and  modern  electronics  which  give  them  capabilities  that  would 
make  the  originators  of  the  technology  envious. 

It  seemed  appropriate  to  convene  a  workshop  to  make  a  studied 
effort  to  evaluate  the  relationship  between  laboratory  and  synchro¬ 
tron  radiation  EXAFS  facilities  and  to  assess  what  may  be  their 
relative  strengths  and  weaknesses.  These  questions  are  ones  that 
may  face  many  research  groups  and  funding  officials  in  industry, 
universities,  and  government,  as  the  assessment  is  made  of  how  to 
Invest  both  time  and  funds  in  the  growing  field  of  EXAFS.  Both 
technical  and  policy  questions  are  Involved.  The  two  questions  are 
dependent  on  one  another  and  it  seemed  appropriate  to  discuss  both 
at  the  same  meeting. 


•D.E.  Sayers,  E.A.  Stem,  F.  Lytle,  Phys.  Rev.  Letters  22,  1204  (1971). 
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To  chat  purpose  many  of  the  people  active  in  the  field  of  EXAFS, 
were  invited  to  participate.  The  list  of  the  attendees  is  given  in 
the  Appendix.  As  can  be  noted,  the  spectrum  covered  both  those  in 
research  and  chose  influential  in  policy  making.  A  summary  of  the 
conclusions  from  the  Workshop  is  presented  in  the  next  section. 

The  Workshop  was  organized  into  a  series  of  plenary  presenta¬ 
tions  where  the  present  state  of  the  various  elements  of  a  laboratory 
EXAFS  facility  were  given.  Chapters  1  to  7  cover  these  presentations. 
Then  four  separate  workshops  were  convened  to  cover  the  topics  of 
Sources,  Crystals  and  Focusing,  Detectors,  and  Hardware  and  Software, 
chaired  by  B.  R.  Stults,  D.  W.  Berreman,  D.  Sandstrom  and 
P.  Georgopoulos ,  respectively.  The  presentations  of  these  workshops 
summarized  by  cheir  respective  chairmen  and  contributions  by  panel 
members  and  others  are  given  in  Chapters  8  to  11.  The  final  presen¬ 
tation  of  the  Workshop  considered  the  "Relation  of  Roles  of  EXAFS 
Facilities  in  Laboratory  and  at  Synchrotron  Radiation  Sources"  and 
also  constitutes  the  last  chapter  of  the  Proceedings,  Chapter  12. 

Inherent  in  the  nature  of  a  Proceedings  is  the  problem  of  the 
continuity  and  coherence  of  the  various  contributions.  The  author 
giving  his  presentation  has  to  make  some  assumptions  of  the  topics 
that  will  or  will  not  be  covered  by  the  other  authors.  This  inevit¬ 
ably  leads  to  repetition  in  some  areas  and  gaps  in  others.  To  help 
overcome  this  problem  I  have  taken  the  liberty  of  adding  a  more 
generous  number  of  editor's  notes  than  is  usually  the  case  for  a 
Proceedings.  To  distinguish  the  editor's  notes  from  those  of  the 
authors',  they  are  referred  to  by  lower  case  superscripts  starting 
from  the  end  of  the  alphabet  and  going  backwards.  I  hope  this 
ordering  does  not  reflect  on  the  notes'  contents  but  it  assures  that 
the  reference  is  unique  and  will  not  be  confused  with  that  of  any  of 
the  authors.  The  contributions  are  divided  into  chapters  and  the 
editor's  notes  referenced  in  each  chapter  are  placed  at  the  end  of 
that  chapter. 

The  convening  of  the  Workshop  would  not  have  been  possible  with¬ 
out  the  generous  financial  help  of  Battelle  Seminars  and  Conferences, 
Seattle,  Washington, and  the  Monsanto  Company.  Dr.  B.  R.  Stults  is 
particularly  deserving  of  thanks  for  arranging  the  support  from  the 
Monsanto  Company.  The  initial  encouragement  and  support  of  Provost 
George  Beckmann  and  Dean  Ronald  Geballe  of  the  University  of  Washing¬ 
ton  were  the  essential  catalysts  that  led  to  the  organizing  activities 
which  are  culminating  in  these  Proceedings. 

It  would  have  not  been  possible  to  have  organized  the  Workshop 
and  these  Proceedings  without  the  help  of  many  people.  First,  the 
members  of  the  program  conmittee  gave  very  wise  and  important  advice 
besides  contributing  substantially  to  the  Workshop  by  their  partici¬ 
pation.  They  are:  John  Baldeschwieler,  Arthur  Bienenstock, 

Gabrielle  Cohen,  Gordon  Knapp,  and  B.  R.  Stults.  I  also  want  to  give 
thanks  to  Donald  Sandstrom  for  his  particular  helpfulness  and  to  other 
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chairmen  of  the  individual  workshops  Dwight  Berreman  and 
F.  Georgopoulos .  My  graduate  students,  associates  and  post  docs 
were  leaned  on  particularly  heavily  because  of  their  close  proximity. 
I  am  appreciative  not  only  of  their  important  help  and  participation 
but  also  by  their  willingness  to  be  helpful.  They  are:  Charles 
Bouldin,  Grant  Bunker,  Edward  Keller,  Kyung-Ha  Kim,  Kun-quan  Lu, 
Yaacov  Azoulay,  Bruce  Bunker,  and  W.  T.  Elam.  Mitzie  Johnson 
deserves  a  special  thanks.  She  handled  the  administrative  details 
and  typed  the  corrections  to  the  Proceedings  helping  to  organize 
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SUMMARY 


The  Workshop  showed  Chat  ic  is  possible  to  build  a  laboratory 
EXAFS  facility  using  a  fixed  anode  bremstrahlung  x-ray  generator 
with  a  photon  flux  of  around  1-3  x  10®  photons/sec  in  the  resolution 
bandwidth  of  about  5  eV .  Such  a  facility  at  the  University  of 
Washington  using  Si(400)  mono chroma ting  crystals  was  demonstrated 
at  the  Workshop.  With  the  innovations  suggested  at  the  conference, 
in  particular,  the  development  of  improved  detectors  as  suggested  by 
Y.  Yacoby,  and  crystals  better  matched  to  the  resolution  width,  the 
intensity  could  be  increased  by  perhaps  a  factor  of  10.  With  the 
use  of  rotating  anode  sources  in  place  of  the  fixed  anode  another 
factor  of  15  can  be  attained.  Thus  it  appears  possible  to  build 
laboratory  EXAFS  facilities  with  effective  intensities  above  10® 
photon/sec  in  a  resolution  width  of  5  eV.  These  intensities  are  all 
quite  suitable  for  measuring  EXAFS  spectra  in  concentrated  samples, 
and  the  highest  intensities  which  the  future  generation  of  laboratory 
EXAFS  facilities  may  attain  are  competitive  with  that  at  the  present 
generation  of  synchrotron  sources.  Although  the  future  generation 
of  synchrotron  radiation  sources  will  be  several  orders  of  magnitude 
more  intense,  it  was  generally  agreed  that  the  intensities  presently 
available  in  laboratory  EXAFS  facilities  make  them  completely  competi¬ 
tive  for  measurements  on  concentrated  samples  and  moderately  dilute 
ones.  The  synchrotron  sources  have  decided  advantages  in  measuring 
very  dilute  samples,  higher  energy  resolution, polarization  effects, 
and  the  high  energy  spectrum  above  20  KeV.  At  the  moment  the  soft 
x-ray  region  of  EXAFS  measurements  is  exclusively  being  covered  by 
synchrotron  sources  but  the  ongoing  improvement  of  electron  energy 
loss  instrumentation  in  electron  microscopes  described  in  Chapter  6 
may  open  up  this  region  to  laboratory  EXAFS  study. 

The  possibility  of  building  an  EXAFS  facility  under  $100,000 
using  fixed  anode  sources  makes  quite  practical  the  possibility  of  a 
large  growth  in  the  number  of  such  laboratory  facilities.  This  may 
have  the  consequence  of  concentrating  the  routine  EXAFS  measurements 
in  the  laboratory,  freeing  synchrotron  sources  for  the  more  difficult 
ones.  The  growth  of  the  number  of  laboratory  EXAFS  facilities  should 
increase  the  quality  of  the  research  in  the  field  by  stimulating 
better  training  of  researchers  and  innovativeness  in  the  field,  both 
in  the  laboratory  and  at  the  synchrotron  radiation  sources. 


E.A.  Stern 
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LASER-EXAJS:  LABORATORY  EXAFS  WITH  A 
NANOSECOND  PULSE  OF  LASER-PRODUCED  X-RAYS 

P.  J.  Mallozzi,  R.  E.  Schwerzel,  and  H.  M.  Epstein 
Bactelle-Coluabus  Laboratories!  505  King  Avenue,  Columbus,  OH  43201 

ABSTRACT 

Laser-produced  x-rays  are  a  promising  alternative  to  synchro¬ 
tron  radiation  for  the  measurement  of  EXAFS  spectra.  Experiments 
to  date  indicate  that  K-edge  EXAFS  spectra  of  elements  with  atomic 
numbers  up  to  about  Z*20,  and  L-edge  spectra  of  elements  with 
atomic  numbers  up  to  about  Z“40,  can  be  obtained  with  a  single 
nanosecond  pulse  of  x-rays  emitted  by  a  laser-produced  plasma.  The 
technique  shows  promise  of  providing  single-shot  EXAFS  spectra  for 
the  remaining  elements  as  well,  with  the  use  of  advanced  laser 
systems  that  are  available  today.  The  x-ray  pulse  can  be  syn¬ 
chronized  easily  with  an  external  optical  or  electrical  perturb¬ 
ation  of  the  sample,  thereby  providing  a  unique  capability  for  re¬ 
cording  EXAFS  spectra  of  highly  transient  species  having  lifetimes 
the  order  of  a  nanosecond. 


INTRODUCTION 

We  have  recently  shown  that  well-resolved  EXAFS  spectra  of 
light  elements  (e.g. ,  aluminum  and  magnesium)  can  be  obtained  with 


Figure  l.  Experimental  Config¬ 
uration  for  Laser-EXAFS 


a  single  nanosecond  pulse  of  soft 
x-rays  emitted  by  a2laser- 
produced  plasma.  *  In  these 
experiments,  a  pulse  of  Infrared 
light  from  a  neodymium-doped 
glass  laser  is  focused  onto  a  , 
metal  target  chosen  on  the  basis 
of  its  ability  to  emit  continuum 
x-rays  in  the  vicinity  of  the 
absorption  edge  to  be  studied. 

The  laser  pulse  produces  a 
surface  plasma  which  serves  as  a 
point  source  of  x-rays  having  a 
pulse  width  comparable  to  that  of 
the  laser;  l.e.,  on  the  order  of 
a  nanosecond.  The  x-rays  are 
passed  through  a  light  tight 
shield  and  beam-shaping  slits, 
and  are  then  dispersed  from  a 
flat  crystal,  typically  composed 
of  KAP  or  RAP.  The  basic  exper¬ 
imental  configuration  is  shown 
schematically  in  Figure  1.  The 
entire  sample  and  reference 
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spectra  are  recorded  simultaneously,  so  that  chemical  structure 
i -(formation  can  be  obtained  from  data  produced  with  a  single  laser 
shot.  We  have  chosen  to  use  photographic  film  and  computerized 
video  densitometry  for  this  purpose  in  our  experiments  to  date,  but 
anticipate  that  solid-state  detector  arrays  will  be  used  in  the 
near  future. 

DISCUSSION 


The  present  capabilities  of  the  laser-EXAFS  technique  are  il¬ 
lustrated  by  the  spectrum  shown  below  in  Figure  2.  This  spectrum 
was  obtained  with  a  laser  pulse  of  approximately  100  joules  and  a 
pulse  width  of  approximately  3-1/2  nanoseconds  focused  to  a  100- 
to  200-  micrometer  diameter  spot  on  an  iron  slab  target  at  an 
incident  intensity  of  about  10 ^  watts/cm2 .  In  analyzing  the  data, 
the  energy  spectrum  was  divided  into  5-electron-volt  energy  inter¬ 
vals.  The  number  of  photons  that  struck  the  film  after  passage 
through  the  sample  was  approximately  10°  per  energy  interval.  In 
principal,  this  allows  an  interval  to  interval  contrast  of 
l/N1'2  -  1(T3  ,  or  approximately  0.1  percent.  This  makes  possible 
the  measurement  of  flash-EXAFS  spectra  of  transient  species  having 
lifetimes  on  the  order  of  a  nanosecond,  provided  the  sample  is 
concentrated.  To  measure  flash-EXAFS  spectra  of  the  highly  dilute 
samples  that  are  generally  of  interest  in  biology  and  surface  sci¬ 
ence,  it  will  be  necessary  to  Increase  the  number  of  photons 

i  recorded  per  energy  interval 

1  1  1  I  about  ten  to  a  hundredfold.  It 

~  appears  that  this  may  be  possible 
\  either  by  improving  the  output  of 

\  10 "  \  —  continuum  radiation  from  the 

j1  \  /v.  laser  plasma  source,  or  by 

'go.s-  v  \/v\  —  achieving  better  utilization  of 

~  «  '''  v  the  x-rays  that  are  already  pro- 

I  '  duced  by  employing  an  array  of 

|  ~  appropriately  curved  large  cry- 

w  stale.  Both  approaches  are  being 

|  o«  -  -i  explored  in  our  laboratory,  and 

|  appear  promising.  If  these  ex- 

«0j_  _j  periments  prove  successful, 

flash-EXAFS  studies  of  dilute 

!  !  ,  samples  will  become  feasible  with 

00  is  1  n  1  T3 - - T*~  laboratory  equipment  of  modest 

Photo*  €n*ffy  <hiVl  C08t  • 


FIGURE  2. 
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LASER-EXAFS  SPECTRUM 
OF  ALUMINUM 
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Exteoded-x-ray-tbeorption-fine-etnicture  (EXAFS|  spectra  of  aluminum  and  metneaium  have  been  measured 
with  angle  nenoeecond  pulse*  of  loft  a  rays  generated  by  laser-produced  plasmas.  This  technique  provides  a 
practical  alternative  to  synchrotron  radiation  for  the  acquisition  of  EXAFS  data  for  elements  having  atomic 
numbers  up  to  40.  It  also  provides  a  unique  capability  for  the  analysis  of  molecular  structure  in  highly  transient 
chemical  species. 


L  INTRODUCTION 

The  extended  x-ray -absorption- fine- structure 
(EXAFS)  technique  is  a  powerful  new  tool  for 
studying  molecular  structure.  DCAFS  provides 
information  on  the  identities  and  spatial  arrange¬ 
ment  of  the  atoms  in  any  type  of  solid,  liquid,  or 
gas,  even  those  composed  of  highly  complex  mole¬ 
cules.  In  the  EXAFS  technique,  the  x-ray  absorp¬ 
tion  coefficient  of  a  material  is  measured  as  a 
function  of  energy  from  the  K  edge  or  L  edge  of  a 
specific  element  in  the  material  to  as  far  as  1000 
eV  above  the  edge.*1’  The  absorption  of  x  rays  by 
the  element  is  accompanied  by  the  ejection  of 
photoelectrons,  which  can  be  scattered  from 
neighboring  atoms.  Backscatterlng  of  these  photo- 
electrons  from  atoms  in  the  immediate  vicinity 
of  the  absorbing  atom  gives  rise  to  a  periodic 
“wiggle"  structure  in  the  x-ray  absorption  spec¬ 
trum. 4  By  analyzing  this  wiggle  structure  above 
the  absorption  edge  of  a  particular  element,  in¬ 
formation  can  be  obtained  about  the  spatial  ar¬ 
rangement  of  atoms  in  the  immediate  vicinity  of 
the  absorbing  species.  Since  only  the  nearby 
atoms  are  involved,  long-range  order  is  not  re¬ 
quired;  therefore,  the  EXAFS  technique  can  be 
applied  to  the  study  of  a  broad  class  of  materials, 
including  liquids,  gases,  and  amorphous  or  crys¬ 
talline  solids. 

Conceptually,  the  EXAFS  phenomenon  may  be 
described  in  the  following  manner.  The  wave  func¬ 
tion  of  the  photoelectron  (the  final  state  of  the  x- 
ray-absorptlon  transition)  consists  of  an  outgoing 
part  and  a  scattered  part,  which  overlap  near  the 
origin,  where  the  wave  function  of  the  initial 
(bound)  state  of  the  electron  is  concentrated.  The 
overlap  produces  an  Interference  which  is  either 
constructive  or  destructive,  depending  on  the  wave 
number 

fc.2fA.l/*[2m(£-EK„)]‘', 

of  the  photoelectron.  When  the  Interference  is 
constructive,  the  increased  amplitude  near  the 


origin  results  in  an  enhanced  absorption  coef¬ 
ficient .  When  the  Interference  is  destructive,  the 
absorption  coefficient  is  diminished.  Thus,  the 
relative  phase  relationship  between  the  outgoing 
and  incoming  photoelectrons  i6  changed  by  varying 
the  photon  energy  of  the  incident  x-rays,  causing 
a  periodic  modulation  in  the  absorption  coefficient. 
The  modulation  can  be  interpreted  on  the  basis 
that  each  atom  (or  shell  of  atoms)  surrounding  the 
absorbing  atom  will  contribute  a  single  modulated 
sine  wave  in  k  to  the  absorption  coefficient. 

In  the  past,  chemical-structure  research  with 
the  EXAFS  technique  has  been  limited  by  the  lack 
of  suitably  intense  sources  of  x  rays.  This  de¬ 
ficiency  is  now  being  remedied  to  some  extent 
by  the  increasing  availability  of  synchrotron  radia¬ 
tion,  which  is  being  harnessed  in  a  number  of  x- 
ray  test  facilities  throughout  the  world.5  There 
are  certain  types  of  EXAFS  experiments,  how¬ 
ever,  which  cannot  be  performed  easily  with  syn¬ 
chrotron  x-ray  sources.  Most  significant,  per¬ 
haps,  are  those  experiments  which  are  designed 
to  analyze  highly  transient  structures  such  as 
chemically  reactive  intermediates  or  the  excited 
electronic  states  of  molecules.  These  experi¬ 
ments  could  be  carried  out  if  it  were  possible  to 
obtain  a  complete  EXAFS  spectrum  with  a  single, 
intense,  short  pulse  of  x  rays  synchronized  with 
the  optical  or  electrical  excitation  of  the  sample. 

Previous  work  in  our  laboratories  has  indicated 
that  laser-produced  plasmas  should  be  nearly 
ideal  x  ray  sources  for  fast  kinetic  studies  of  this 
type.*  Indeed,  we  have  recently  reported  the  first 
experimental  demonstration  of  the  feasibility  of 
performing  EXAFS  measurements  with  laser- 
produced  x  rays.’  These  experiments  show  that 
it  is  possible  to  obtain  well-resolved  EXAFS 
spectra  of  light  elements  (atomic  numbers  ranging 
up  to  about  40)  with  a  single  nanosecond  pulse  of 
soft  x  rays  produced  with  a  neodymium -doped- 
glass  laser.  In  the  present  paper  we  discuss  in 
detail  the  techniques  and  results  of  our  experi¬ 
ments  to  date. 
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II.  GENERAL  TECHNIQUE  AND  MAIN  RESULT 

The  basic  experimental  configuration  used  in  the 
experiments  is  shown  in  Fig.  1.  In  a  typical  ex¬ 
periment,  an  Infrared  laser  pulse  with  an  energy 
of  approximately  100  J  and  a  pulse  width  of  ap¬ 
proximately  3.S  ns  (full  width  at  half  maximum) 

Is  focused  onto  a  solid  metal  slab  target,  thereby 
creating  a  surface  plasma  and  raising  It  to  the 
kilovolt  temperature  regime  by  means  of  the  in¬ 
verse  bremsstrahlung  absorption  process.  The 
laser  pulse  strikes  a  100-  to  200-p.m  diameter 
focal  spot  at  an  incident  intensity  of  about  1014 
W/cm*.  The  resulting  x-ray  spectrum  is  dispersed 
by  Bragg  reflection  from  a  flat  crystal  and  re¬ 
corded  on  photographic  film.  The  position  and 
range  of  the  recorded  spectrum  can  be  varied 
easily  by  adjusting  the  size  and  position  of  the  dis¬ 
persing  crystal  as  desired.  As  Fig.  1  indicates, 
the  system  is  so  arranged  that  the  thin-film  sam¬ 
ple  occupies  one- half  of  the  x-ray  beam.  The 
reflected  (diffracted)  x  rays  thus  form  a  double 
image  on  the  photographic  film,  with  the  reference 
portion  of  the  reflected  beam  striking  the  top  half 
of  the  film  and  the  sample  portion  of  the  beam 
striking  the  lower  half  of  the  film,  bi  this  way, 
the  entire  spectrum  is  recorded  at  once  using  a 
single  laser  pulse.  The  absorption  (EXAFS)  spec- 


FIG.  l.  Schematic  view  of  ltaer-EXAFS  experimental 
configuration. 


trura  can  easily  be  extracted  from  the  data  since 
both  the  incident  and  transmitted  x-ray  intensities 
are  known  for  each  wavelength. 

We  have  chosen  to  use  film  because  the  need  to 
record  the  entire  spectrum  in  a  few  nanoseconds 
rules  out  detectors  based  on  the  counting  of  in¬ 
dividual  photons.  Film  is  the  simplest  alternative 
and,  when  evaluated  by  digital  densitometer  tech¬ 
niques,  is  capable  of  high  resolution  and  contrast 
discrimination.  With  proper  choice  of  film  type, 
grain  size,  exposure,  and  data  handling,  it  is 
possible  to  obtain  results  approaching  the  sta¬ 
tistical  limit  allowed  by  the  incident  x-ray  photon 
fluence.  Because  the  photographic  film  t6  a  non¬ 
linear  recording  medium,  it  is  necessary  to  multi¬ 
ply  the  measured  optical  densities  by  a  known 
response  factor  to  determine  the  absolute  x-ray 
flux  at  each  wavelength.  This  numerical  data 
handling  is  done  with  an  online  minicomputer. 

The  capabilities  of  this  technique  are  illustrated 
by  the  AT -edge  laser. EXAFS  spectra  shown  in 
Figs.  2  and  3,  taken  with  aluminum  and  mag¬ 
nesium  samples.*  These  spectra  are  represen¬ 
tative  of  our  results  to  date,  and  each  was  ob¬ 
tained  with  the  x  rays  produced  by  a  single  laser 
pulse  incident  on  a  metal  slab  target.  The  target 
used  for  the  aluminum  EXAFS  spectrum  was  iron, 
whereas  the  target  used  for  the  magnesium  spec¬ 
trum  was  chromium.  These  target  materials  pro¬ 
duce  mainly  continuum  emission  in  the  vicinity  of 
the  K  edges  they  were  used  to  study.  Line  radia¬ 
tion  increases  the  probable  error  in  data  reduc¬ 
tion,  and  should  be  avoided  as  much  as  possible. 

A  KAP  (potassium  acid  phthalate)  crystal  was 
used  to  obtain  the  aluminum  spectrum,  and  a 
RAP  (rubidium  acid  phthalate)  crystal  was  used 
for  the  magnesium  spectrum. 

IB.  EXPERIMENTAL  APPARATUS  AND  METHOD 

In  this  section,  questions  relating  to  targets, 
crystals,  samples,  and  other  features  of  the  tech- 


FIG.  2.  Laaer-EXAFS  spectrum  of  aluminum  foil. 
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FIG.  3.  Laser-EXAFS  spectrum  of  magnesium  film. 

nlque  will  be  discussed  in  more  detail.  For  clarity, 
specific  data  will  be  given  only  for  the  aluminum 
measurements.  The  discussion  will  converge  on 
an  evaluation  of  the  potential  sensitivity  of  the 
technique  under  the  actual  operating  conditions 
of  the  experiment. 

Aside  from  the  laser  and  beam-focusing  ap¬ 
paratus,  which  have  already  been  discussed,  the 
basic  experimental  apparatus  consists  of  a  modi¬ 
fied  General  Electric  XRD-7  vacuum  x-ray  spec¬ 
trometer  with  the  x-ray  tube  replaced  by  the 
laser-plasma  x-ray  source.  The  laser  target  is 
mounted  on  a  remotely  controlled  XY  Z  translation 
stage  to  permit  a  change  of  targets  or  target  posi¬ 
tion  in  the  vacuum.  The  crystal  angle  is  also 
remotely  controlled  and  can  be  adjusted  in  the 
vacuum. 

The  iron  target  used  to  produce  the  aluminum 
EXAFS  spectrum  emits  both  continuum  and  line 
radiation.  The  lines  above  hva  l  keV  are  bunched 
into  an  L  group,  which  lies  mostly  below  1.5  keV, 
and  a  A  group,  which  lies  above  about  5  keV.  The 
region  between  1.5  and  5  keV  is  mostly  continuum 
radiation  with  a  characteristic  plasma  brems- 
strahlung  temperature  of  approximately  800  eV. 

For  the  purpose  of  planning  experiments,  using 
the  experimental  parameters  and  configuration 
described  earlier,  the  following  formula  for  this 
continuum  radiation  has  proved  useful: 


men  is  with  atomic  numbers  Z  =*  10-20  and  L  edges 
of  elements  with  atomic  numbers  Z  a  20-40.  It 
appears  that  the  appropriate  targets  for  such 
studies  have  atomic  numbers  in  the  range  Z  a  20- 
30. 

The  KAP  crystal  used  to  disperse  the  x  rays  in 
the  aluminum  EXAFS  experiments  was  1  cm  wide 
and  2.5  cm  long,  and  was  located  approximately 
10  cm  from  the  x-ray  source.  The  x  rays  are 
reflected  from  the  crystal  according  to  the  formula 
2 d  sln0  =  mA,  where  9  is  the  Bragg  angle,  i.e.,  the 
angle  of  incidence  measured  with  respect  to  the 
crystal  plane.  Since  the  2 d  spacing  of  KAP  is 
26.64  k,  9  a\V  for  first-order  reflection  («  =  1) 
of  x  rays  at  the  K  edge  of  the  aluminum  sample. 

The  rocking-curve  width  (i.e.,  the  full  width  at 
half  maximum  of  the  intensity  versus  angle  profile 
for  monochromatic  x  rays)  of  the  crystal  at  this 
angle  is  1.2  x  10'4  rad,  corresponding  to  an  energy 
spread  Ah i/» 0.6  eV.  The  reflection  efficiency 
at  the  peak  of  the  rocking  curve  at  this  angle  is 
about  5%. 

The  data  given  above  may  be  used  to  calculate 
the  number  of  photons  per  eV  that  strike  the  film. 
This  quantity  can  then  be  used  to  evaluate  the 
sensitivity  with  which  the  x-ray  absorption  co¬ 
efficient  can  be  measured.  A  convenient  starting 
point  for  the  calculation  is  Eq.  (1).  This  formula 
tells  us  that  the  x-ray  fluence  at  the  KAP  crystal, 
which  is  located  at  a  distance  A=  10  cm  from  the 
x-ray  source,  in  the  energy  region  just  above  the 
A  edge  (i.e.,  just  above  hva  1560  eV),  is 

0.025  x  l/(2rlOs)  ex p(- 1560/800) 

=  5.7  x  10"®  J/ eV  cm1 , 
or 

(5.7  x  10’*)(6x  lo^n/iseo 

=  2.2  x  10'°  photons/ eV  cm2 . 

To  obtain  the  number  of  photons  per  eV  that  are 
reflected  from  the  crystal,  we  multiply  this  num¬ 
ber  by  the  area  of  a  narrow  rectangle  whose  length 
Is  equal  to  the  width  of  the  crystal  (1  cm)  and  whose 
width  is  R  times  the  rocking-curve  width  (1.2 
x  10*4  rad),  and  also  multiply  it  by  the  reflection 
efficiency  (0.05)  of  the  crystal.  We  thus  arrive 
at  the  result 


expressed  in  units  of  J/eV  cm1,  where  R  is  the 
distance  from  the  x-ray  source  (laser  target)  to 
an  observer,  and  hv  Is  the  photon  energy  in  eV. 

It  should  be  noted  that  the  A  edge  of  aluminum 
(Hg  *  1560  eV)  lies  in  the  most  intense  portion  of 
the  iron  continuum,  just  above  the  iron  L  group. 
This  method  of  matching  target  with  sample  seems 
reasonable  when  studying  x-ray  edges  in  the  1-2- 
fceV  regime,  e.g.,  when  studying  ft  edges  of  ele- 


(2.2  x  10‘°)  (UM10H1.2  x  lO^HO.OS  *  1.3  x  io‘ 

photons/ eV  for  the  number  of  photons  reflected 
from  the  crystal. 

The  figure  1.3  x  10*  ignores  attenuation  through 
the  sample,  which  is  approximately  2  x-ray  mean 
free  paths  thick.  What  really  matters  in  deter¬ 
mining  the  sensitivity  of  the  absorption-coefficient 
measurement  is  the  number  of  photons  that  strike 
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the  film  alter  passage  through  the  sample.  This 
number  is  readily  calculated  to  be  (1.3  xl04)l/e* 

«  2  *  10*  photons/  eV. 

In  analyzing  the  data,  the  energy  spectrum  was 
divided  into  5-eV  energy  intervals.  There  are 
therefore  approximately  5(2  x  10*} » 10*  photons 
in  each  energy  interval.  In  principle,  this  allows 
an  interval-  to-  interval  contrast  of  AN/N  =  l/Nut 
*  lO"’,  or  approximately  0.1%. 

It  should  be  remarked  that  the  reason  for  using 
a  sample  thickness  of  two  mean  free  paths  Is  that 
this  optimizes  the  contrast  obtainable  with  a  given 
sized  energy  interval.  It  should  also  be  noted, 
for  future  reference,  that  two  mean  free  paths 
optimize  the  resolution  obtainable  at  a  given  con¬ 
trast  level. 

The  photographic  film  used  to  record  the  EXAFS 
spectra  shown  in  Figs.  2  and  3  is  Kodak  NS-2T. 
This  film  was  chosen  because,  under  the  par¬ 
ticular  conditions  of  these  experiments,  the  data 
are  produced  in  the  ‘Tinear”  range  of  the  film, 
where  the  optical  density  is  proportional  to  the 
log  of  the  exposure.  In  order  to  minimize  the 
effect  of  film  nonlinearity,  the  "reference"  portion 
of  the  x-ray  beam  reflected  from  the  crystal  is 
passed  through  a  thin  layer  of  Mylar  whose  thick¬ 
ness  is  adjusted  to  produce  the  same  average 
exposure  as  the  "sample”  portion  of  the  beam. 
Analysis  of  the  film  record  was  performed  auto¬ 
matically  with  a  video  digitizer,  which  serves 
as  a  computerized  densitometer.  The  wavelength 
calibration  of  the  film  record  is  accomplished 
by  noting  where  well  known  x-ray  lines  generated 
by  focusing  the  laser  beam  onto  selected  targets 
lie,  and  interpolating  between  them. 

IV.  ANALYSIS  OF  RESULTS 

A  convenient  starting  point  for  interpreting 
EXAFS  spectra  is  the  generally  accepted  formula' 


xsin(2WJ/*2a<(*)]exp(-2ft,orJ).  (2) 

Here  x(k)  is  the  fractional  modulation  of  the  ab¬ 
sorption  coefficient  due  to  EXAFS:  x(*)»  (m  -Hq)/ 
nB,  where  p.  Is  the  absorption  coefficient  for  a 
single  atom  in  a  vacuum.  The  quantity 

*«  [0.282  461  (£-£,«,,)  1,M 

is  the  photoelectron  wave  vector  In  reciprocal 
angstroms,  where  £  Is  energy  in  electron  volts, 
m  is  the  electron  mass,  h  is  Planck’s  constant, 

/v,  is  the  number  of  atoms  scattering  at  the  dis¬ 
tance  ft,,  t,(2k)  is  Uie  electron  scattering  matrix 
in  the  backward  direction  for  atoms  at  R,,  i  is  the 


mean  free  path  of  the  electron,  exp^o)’*’)  is  a 
Debye-Waller  factor  due  to  thermal  vibrations 
or  static  disorder  with  root-mean-square  fluc¬ 
tuations  a,,  and  8in[2fefi,  *  25,(*)]  is  the  sinusoidal 
Interference  term,  6,(k)  being  the  phase  shift 

A  full  analysis  of  Q(AFS  spectra  on  the  basis 
of  Eq.  (2)  requires  the  use  of  computer-assisted 
Fourier-transform  techniques. 1,1  However,  it  is 
more  illustrative  for  the  present  purpose  to  em¬ 
ploy  a  straightforward  graphical  technique'  to 
deduce  the  nearest-neighbor  distance.  This  will 
be  done  for  the  aluminium  edge  shown  in  Fig.  2. 

The  graphical  technique  which  we  employ  is 
based  on  Eq.  (2)  and  stems  from  the  fact  that  the 
EXAFS  curve  is  usually  dominated  by  scattering 
from  the  nearest  neighbors.  This  is  especially 
true  of  the  positions  of  the  principal  maxima  and 
minima,  which  are  determined  mainly  by  the  first 
sine  term  in  Eq.  (2),  namely,  sin[2tfi,  +  26,(fc)]. 

If  5,  is  tinear  in  *,  then  5,  =  or,*  +  ^,  and  the 
argument  of  the  sine  term  takes  the  form  2*(fi, 

-  a,) +  28,.  The  approximate  positions  of  the 
maxima  and  the  minima  of  the  EXAFS  curve  are 
thus  given  by 

«i»2*(fi,-ar,)*20lt  (3) 

where  n  «  0,  2, 4,  ...  for  maxima  and  1, 3,  5,  ...  for 
minima.  A  plot  of  n  against  *  for  the  dominant 
maxima  and  minima  of  the  EXAFS  spectrum  as 
shown  in  Fig.  2  is  given  in  Fig.  4,  with  *  =  0  taken 
to  correspond  to  the  inflection  point,  £,,j,.=  1552 
eV,  of  the  measured  x-ray  absorption  coefficient 
The  points  closely  fit  a  straight  line  with  a  slope 
(2 /wXfi,  -  a,)  of  1.7  A.  This  leads  to  the  basic 
result  (R,  -  <*,)»  2.6  A.  Since.fi,>>  a,  (a,  is 
typically  a  few  tenths  of  an  angstrom),  this  result 
is  in  good  agreement  with  the  known  nearest- 
neighbor  distance  of  2.86  A  for  the  aluminum  fee 
lattice.’ 


FIG.  4.  Graph  of  a  vat  for  aluminum.  Tbs  points 
correspond  to  the  features  indicated  by  arrows  in  Fig. 
2. 
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The  spectra  presented  In  Figs.  2  and  3  are  note¬ 
worthy  (or  several  reasons.  They  illustrate  the 
capability  of  the  laser- EX AFS  technique  to  record 
EXAFS  spectra  of  light  elements  with  absorption 
edges  below  about  3  keV,  which  are  difficult  to 
study  with  other  x-ray  sources.  The  technique 
is  particularly  suitable  at  present  for  the  study 
of  A -edge  EXAFS  spectra  of  the  elements  from 
carbon  to  sulfur  and  of  L-edge  EXAFS  spectra 
of  the  elements  from  sulfur  to  molybdenum.  More 
important,  however,  the  complete  laser- EXAFS 
spectra  presented  in  Figs.  2  and  3  were  each  ob¬ 
tained  in  only  a  few  nanoseconds  with  a  single 
pulse  of  laser-produced  x  rays.  This  represents 
a  dramatic  improvement  in  the  speed  and  ease  of 
obtaining  EXAFS  data  compared  to  what  is  pos¬ 
sible  with  other  known  x-ray  sources.  The  tech¬ 
nique  also  makes  possible  the  measurement  of 
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“flash-EXAFS”  spectra  of  transient  species  having 
lifetimes  of  a  few  nanoseconds  or  less.  Thus, 
with  this  technique  it  may  soon  be  possible  to 
make  “snapshots”  or  ‘movies"  of  the  structural 
changes  that  occur  in  molecules  when  they  are 
excited  by  optical  or  other  means.  This  capability 
is  provided  almost  automatically  by  the  pulsed 
nature  of  the  laser- EXAFS  measurement  Ex¬ 
periments  along  these  lines  are  presently  under¬ 
way  in  our  laboratory,  and  will  be  reported 
shortly. 
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ABSTRACT 

Extended  x-ray  absorption  fine  structure  (EXAFS)  spectra  of 
solid  and  flash-melted  A1  films  have  been  measured  simultaneously  with  a 
single  nanosecond  pulse  of  x-rays  emitted  from  a  laser  produced  plasma. 
The  results  constitute  the  direct  observation  of  a  degree  of  local  order 
in  rapidly  melting  Al.  This  "f lash-EXAFS”  technique  is  thus  demonstrated 
to  be  useful  for  the  study  of  dynamic  structual  changes  on  the  nanosecond 


The  extended  x-ray  absorption  fine  structure  (EXAFS)  technique 
has  become  recognized  in  recent  years  as  a  versatile  tool  for  studying 
structure  of  materials  at  the  atomic  level.  EXAFS  can  provide  information 
about  the  Identities  and  spatial  arrangement  of  the  atoms  in  any  type  of 
solid,  liquid,  or  gas,  even  those  composed  of  highly  complex  molecules. 

In  the  EXAFS  technique,  the  x-ray  absorption  coefficient  of  a  material  is 
measured  as  a  function  of  energy  from  the  K  edge  or  L  edge  of  a  specific 
element  in  the  material  to  as  far  as  1000  eV  above  the  edge. 1* 2  the  ab¬ 
sorption  of  x-rays  by  the  element  is  accompanied  by  the  ejection  of 
photoelectrons,  which  can  be  scattered  from  neighboring  atoms.  Backscat- 
terlng  of  these  photoelectrons  from  atoms  in  the  immediate  vicinity  of  the 
absorbing  atom  gives  rise  to  a  periodic  "wiggle"  structure  in  the  x-ray 
absorption  spectrum. 1-4  gy  analyzing  this  wiggle  structure  above  the 
absorption  edge  of  a  particular  element.  Information  can  be  obtained  about 
the  spatial  arrangment  of  atoms  in  the  immediate  vicinity  of  the  absorbing 
species.  Since  only  the  nearby  atoms  are  involved,  long-range  order  is 
not  required;  therefore,  the  EXAFS  technique  can  be  applied  to  the  study 
of  a  broad  class  of  materials,  including  liquids,  gases  and  amorphous  or 
crystalline  solids. 

Previous  work  in  our  laboratories  has  indicated  that  laser- 
produced  plasmas  should  be  nearly  ideal  x-ray  sources  for  fast  EXAFS 
studies  of  transient  structural  phenomena,  and  has  resulted  in  the  first 
experimental  demonstration  of  the  feasibility  of  performing  EXAFS  mea¬ 
surements  with  laser- produced  x-rays. ^"7  xhese  experiments  have  shown 
that  it  is  possible  to  obtain  well-resolved  EXAFS  spectra  of  light  ele- 
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ments  with  a  single,  nanosecond  pulse  of  soft  x-rays,  produced  with  a 
neodymium-dope d-glass  laser.  We  refer  to  this  technique  as  laser-EXAFS, 
and  have  described  the  experimental  configuration  for  performing  these 
experiments  in  a  previous  paper .7 

The  fast  time  scale  provided  by  the  laser-EXAFS  technique  makes 
it  well  suited  to  the  study  of  transient  species  produced  by  optical  or 
thermal  excitation  of  the  sample*  One  may  envision  a  variety  of  species 
of  interest  which  could,  in  principle,  be  studied  in  this  way;  these  in¬ 
clude  the  photoexcited  triplet  electronic  states  of  molecules,  radicals  or 
ions  produced  by  flash  excitation  of  a  reactive  sample,  and  the  observa¬ 
tion  of  transient  phase  changes. 

A  particularly  significant  application  of  thermally  induced 
phase  changes  is  the  rapid  solidification  of  certain  metallic  systems. 
Amorphous  materials  are  a  consequence  of  very  rapid  cooling  rates,  of  the 
order  of  10®°C/sec*  Studies  of  the  physical  properties  of  various 
amorphous  metals  indicate  that  their  properties  are  closely  related  to 
their  thermal  history.  Thus  changes  in  structure  during  the  critical 
stages  of  formation  of  the  solid  material  are  particularly  interesting. 

The  possibility  of  following  nearest  neighbor  changes  with  time  during 
solidification,  annealing  or  melting  provides  a  potentially  new  tool  in 
the  understanding  of  amorphous  materials. 

As  the  beginning  step  in  a  series  of  experiments  designed  to 
study  the  laser-EXAFS  spectra  of  a  variety  of  transient  samples,  we  report 
here  the  first  observation  of  a  transient  phase  change  in  real  time  by 
means  of  EXAFS  spectroscopy.  Battelle's  laser-EXAFS  facility  was  used  to 
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both  melt  a  zone  of  the  sample  and  Interrogate  It  with  an  x-ray  pulse.  A 
thin  (ca.  2  ym)  aluminum  foil  was  chosen  for  these  Initial  experiments 
because  of  our  prior  experience  in  performing  static  laser-EXAFS  experi¬ 
ments  with  this  material.  This  experiment  Is  of  particular  significance 
because  it  demonstrates  conclusively  that  laser-EXAFS  can  detect  and  help 
characterize  transient  structural  changes  on  a  multi-nanosecond  time 
scale. 

Experimental  Section 

WMAAMAM/VWWVWi 

The  basic  experimental  configuration  used  in  the  experiments  is 
shown  in  Figure  1.  In  a  typical  experiment,  an  infrared  laser  pulse  with 
an  energy  of  approximately  100J  and  pulse  width  of  1.5ns  (full  width  at 
half  maximum)  is  focused  on  a  solid  metal  slab  target  (typically  composed 
of  iron  or  copper),  thereby  creating  a  surface  plasma  and  raising  it  to 
the  kilovolt  temperature  regime  by  means  of  the  inverse  bremsstrahlung 
process.  The  laser  pulse  strikes  a  100-200  diameter  focal  spot  an  an 
incident  intensity  of  about  2  x  10^W/cm2.  The  resulting  x-ray 
spectrum  is  dispersed  by  Bragg  reflection  from  a  flat  crystal  and  recorded 
on  photographic  film. 

As  Figure  1  indicates,  the  thin  film  sample  occupies  two  thirds 
of  the  x-ray  beam.  The  remaining  1/3  of  the  x-ray  beam  forms  the  refer¬ 
ence  spectrum  on  the  photographic  film.  An  infrared  prepulse  of  30ns 
width,  which  has  been  chipped  off  the  main  laser  pulse  is  focused  with  a 
cylindrical  lens  onto  a  rectangular  region  comprising  about  1/2  of  the 
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width  the  thin  film  sample,  causing  melting  of  the  sample  In  this  area  a 
few  tens  of  ns  before  the  interrogating  x-ray  pulse  arrives.  Thus,  the 
reflected  (diffracted)  x-rays  form  a  triple  image  on  the  photographic 
film,  with  the  reference  portion  on  the  top  1/3,  the  melted  sample  portion 
on  the  middle  1/3  and  the  solid  sample  portion  on  the  bottom  1/3.  In  this 
way  all  of  the  spectra  required  in  an  experiment  are  recorded  simultane¬ 
ously  using  a  single  laser  pulse.  The  absorption  (EXAFS)  spectra  of  both 
the  solid  and  melted  areas  of  Che  sample  can  easily  be  extracted  from  the 
data  since  both  the  incident  and  transmitted  x-ray  intensities  are  known 
for  each  wavelength. 

To  insure  that  the  entire  sample  is  melted,  and  none  of  the 
sample  is  vaporized,  the  duration  of  the  infrared  prepulse  should  exceed 
the  thermal  diffusion  time  through  the  thin  film  sample.  On  the  other 
hand,  the  time  lapse  between  melting  and  interrogation  must  be  short 
enough  that  the  molten  film  maintains  its  integrity.  The  approximate  re¬ 
laxation  time,  t,  for  temperature  equilibration  in  a  slab  is  l2/4K, 
where  1  is  the  thickness  of  the  slab  and  K  is  its  thermal  diffusivity 
(defined  as  K  ■  k/co  where  k  is  the  thermal  conductivity,  c  the  specific 
heat,  and  p  the  density).  Thus,  a  delay  of  greater  than  10ns  is  needed  to 
produce  a  reasonably  uniform  temperature  in  a  2  m  thick  A1  foil.  Since 
the  thermal  conductivity  of  molten  A1  is  about  a  factor  of  3  lower  than 
that  of  the  solid,  a  heating  pulse  width  of  20-30  ns  is  needed  to  ensure 
complete  melting  without  vaporization. 

Because  the  entire  x-ray  spectrum  must  be  recorded  in  a  very 
short  time,  the  detector  should  have  a  time- Integra ting  array  capability. 
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Solid  state  spectra  array  systems®  and  slow  sweep  vidicon  systems^  can 
be  used  for  this  purpose.  However,  we  have  chosen  to  use  film  because  of 
its  ready  availability  and  versatility.  When  film  is  evaluated  by  digital 
densitometer  techniques,  it  is  capable  of  high  resolution  and  contrast 
discrimination.  With  proper  choice  of  film  type,  grain  size,  exposure  and 
data  handling,  it  is  possible  to  obtain  results  within  an  order  of  magni¬ 
tude  of  the  statistical  limit  allowed  by  the  incident  x-ray  fluence.  Be¬ 
cause  the  photographic  film  is  a  nonlinear  recording  medium,  it  is  neces¬ 
sary  to  multiply  the  measured  optical  density  by  a  known  response  factor 
to  determine  the  absolute  x-ray  flux  at  each  wavelength.  This  numerical 
data  handling  is  performed  by  an  on-line  computer;  the  same  computer  also 
does  the  background  subtraction  and  Fourier  transform  calculations. 

Results  and  Discussion 

VWWWWVVWWWVWVW/ 

The  capability  of  this  technique  for  time-dependent  EXAFS  is 
illustrated  in  Figure  2,  which  shows  simultaneous  absorption  spectra  of  a 
solid  and  molten  A1  foil  2  ym  thick.  The  major  set  of  peaks,  attributable 
to  the  solid  A1  structure,  are  strongly  attenuated  in  the  laser-EXAFS 
spectrum  of  the  molten  zone.  Some  small  residual  peaks  remain  essentially 
unattenuated.  These  are  tentatively  attributed  to  the  aluminum  oxide 
surface  layers  on  the  foil.  The  prepulse  used  to  melt  the  Al  foil  in  this 
experiment  was  30  ns  FWHM  and  contained  sufficient  energy  to  melt  but  not 
to  vaporize  the  foil.  The  interrogating  pulse  was  1.5ns  FWHM  and  was  de¬ 
layed  approximately  30ns  from  the  peak  of  the  prepulse.  The  laser  target 


used  for  these  studies  was  iron,  a  material  which  produces  mainly  contin¬ 
uous  emission  in  the  vicinity  above  the  K-edge  of  aluminum.  Line  radia¬ 
tion  increases  the  probable  error  in  data  reduction  and  is  avoided  as  much 
as  possible.  A  RAP  (rubidium  acid  phthalate)  crystal  was  used  to  disperse 
the  x-ray  spectrum  in  these  experiments. 

The  data  from  Figure  2  were  analyzed  in  k-space  within  the  range 
2<k<10  with  a  modified  Fourier  transform  procedure,  using  k^  weighting  of 
the  EXAFS  spectrum  and  a  third-order  polynomial  background  subtraction 
routine.  The  transformed  data  are  presented  in  Figure  3.  For  the  crys¬ 
talline  sample,  peaks  corresponding  to  the  known  first,  second,  and  poss¬ 
ibly  third  shell  Al-Al  distances  can  be  observed.  While  the  data  are 
somewhat  noisy,  the  accuracy  of  these  results  (Table  1)  serves  to  confirm 
the  utility  of  the  laser-EXAFS  technique  for  materials  in  this  atomic 
weight  range. 

The  salient  observation  is  that  the  amplitude  modulation  (in  R 
space)  of  the  transformed  data  for  the  molten  zone  is  attenuated  signifi¬ 
cantly  relative  to  that  of  the  crystalline  zone.  This  is  clear  confirma¬ 
tion  that  melting  was  achieved  with  the  extended  prepulse,  and  is  con¬ 
sistent  with  the  results  obtained  by  others  in  EXAFS  studies  of  liquid 
metals. 10  The  fact  that  EXAFS  oscillations  can  still  be  observed  at  all 
(Figure  2b)  indicates  that  a  degree  of  local  order  is  retained  in  the 
melt,  at  least  within  the  30  ns  duration  of  the  experiment;  it  might  be 
expected  that  the  EXAFS  would  wash  out  nearly  completely  if  a  random  dis¬ 
tribution  of  nearest-neighbor  distances  had  been  produced.  It  is  perhaps  signifi- 
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cant  that  the  EXAFS  spectra  of  liquid  Ga  and  several  other  metals  retain  a 
high  degree  of  structure  which  is  nearly  identical  to  that  of  the  solid 
elements. ^  These  molten  metals  are  thought  not  to  be  simple  hard-sphere 
liquids,  and  in  the  case  of  liquid  Ga,  at  least,  the  presence  of  loosely 
associated  diatomic  species  has  been  suggested,  Since  A1  is  in  the  same 


family  of  the  periodic  table  as  is  Ga,  it  may  be  that  similar  dimers  occur 
in  the  A1  melt,  at  least  on  a  very  short  time  scale. 


Conclusion 
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In  summary,  the  results  obtained  here  provide  evidence  for  residual 
local  structure  in  rapidly  melting  Al,  perhaps  similar  to  that  previously 
observed  by  others  in  liquid  Ga.  More  generally,  we  have  demonstrated 
that  the  fast-kinetic  laser-EXAFS  technique  Is  capable  of  studying  dynamic 
structural  changes  of  transient  samples  on  a  multi-nanosecond  time  scale, 
and  have  recorded  the  first  real-time  EXAFS  observation  of  a  transient 
phase  change. 


Acknowledgements 

w wwwvwwwv 


The  Four ier-trans form  program  used  in  this  work  was  based  on  a  data- 
analysl a  software  package  kindly  provided  to  us  by  Prof.  X.  0.  Hodgson 
(Stanford  University).  Valuable  assistance  with  data  reduction  was  pro¬ 
vided  by  Mr.  Jeffery  Gulcher.  This  work  was  supported  by  the  U.S.  Air 
Force  Office  of  Scientific  Research  and  the  Battelle  Development  Corporation. 


1 


i 


REFERENCES 


1.  (a)  Sayers,  D.  E. ,  Lytle,  F.  W.,  and  Stern,  E.  A.,  Adv.  X-ray  Anal. 
1970,  13,  248;  (b)  Lytle,  F.  W.,  Sayers,  D.  E. ,  and  Stern,  E.  A., 

VW\* 

Phys.  Rev.  B,  1975.  11.  4825;  (c)  Stern.  E.  A.,  Sayer,  D.  E. ,  and 

— ““  'WWV 

Lytle.  F.  W. .  ibid.  1975.  11.  4836. 

- 1 


2.  (a)  Eisenberger,  P.  and  Kincaid.  B.  M. ,  Science.  1978,  200,  1441; 

WWU 

(b)  Cramer,  S.  P.,  Eccles,  T.  K.,  Kutzler,  F.,  Hodgson,  K.  0.,  and 
Doniach,  S. ,  J.  Am.  Chem.  Soc..  1976.  95,  8059;  (c)  Cramer,  S.  P. 
and  Hodgson,  K.  0.  Prog.  Inorg.  Chem.,  1979,  25,  1. 


3.  (a)  Kronig.  R.  de  L..  Z.  Phys..  1931.  70.  317;  1932.  75.  191:  1932. 

- J. - *-  wwt  vwv.  vwv 


75,  468;  (b)  Peterson,  H.  ibid.  1936.  98,  569. 


4.  (a)  Ashley.  C.  A.  and  Doniach,  S..  Phys.  Rev.  B.  1975.  11.  1279: 

WlM 

(b)  Lee,  P.  A.  and  Pendry,  J.  B.,  ibid.,  19  75.^  11,  2795. 


5.  (a)  Mallozzl,  P.  J.,  Epstein,  H.  M. ,  Jung,  R.  G.,  Applebaun,  D.  C., 

Fairand,  B.  P.  and  Gallagher,  V.  J.,  in  "Fundamental  and  Applied  Laser 
Physics"  Esfahan  Symposium,  edited  by  Feld,  M.  S.,  Javan  A.  and 
Kurnit,  N.  A.,  (Wiley-Interscience ,  New  York,  1973),  pp.  165-220; 

(b)  P.  J.  Mallozzl,  H.  M.  Epstein,  R.  E.  Schverzel,  Adv.  X-ray  Anal.. 

1978,  22,  267. 

vww 


46 


6.  Mallozzl,  P.  J.,  Schwerzel,  R.  E.,  Epstein,  H.  M.  and  Campbell,  B.  E. 

Science.  1979.  206.  353. 

- 

7.  Mallozzl,  P.  J.,  Schwerzel,  R.  E. ,  Epstein,  R.  M.  and  Campbell,  B.  E. 

Phvs.  Rev.  A.  1981,  23,  824. 

vwv 

8.  Koppel,  L.  M.,  Rev.  Scl.  Inst.,  1976,  47,  9. 

wv\. 

9.  Reynolds,  G.  T. ,  Milch,  J.  R.  and  Grumer,  S.  M.,  Rev.  Sci.  Inst., 

1978,  49,  1241. 

VWV\- 

10.  Crozier,  E.  D-,  in  "EXAFS  Spectroscopy:  Techniques  and  Applications", 
Teo,  B.  K.  and  Joy,  D.  C.,  Eds,  Plenum  Press,  NY  (1981)  pp.  89-101. 

11.  (a)  Suzuki,  K. ,  Misava,  M. ,  and  Eukushiraa,  Y..  Trans  J.I.M..  1975.  16. 

w wv 

299;  (b)  Mon,  J.  K«,  Ashcroft,  N.  W. ,  and  Chester,  G.  V.,  Phys.  Rev. 

Bj.  1979,  19,  5703. 


47 


TABLE  1.  COMPARISON  OF  CRYSTALLOGRAPHIC  AND  FLASH-EXAFS 
RESULTS  FOR  CRYSTALLINE  AND  MOLTEN  ALUMINUM 


_ A1  -  A1  Distance  (Angstroms) 

Crystalline  A1  Crystalline  A1 

Shell  (X-ray  Diffraction)3  (This  Work) 


First  Shell 

2.88 

2.9 

Second  Shell 

4.04 

4.1 

Third  Shell 

5.76 

5.5 

(a)  American  Institute 

of  Physics  Handbook, 

2nd  Ed.,  p 

9-4,  Gray,  D.  E. , 

ed . ,  McGrav-Hil 1 ,  Inc . 

,  New  York 

(1963). 
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Figure  1 


Figure  2 


Figure  3 


FIGURE  CAPTIONS 


Schematic  view  of  flash-EXAFS  experimental  configuration. 


Laser-EXAFS  spectra  of  solid  (top)  and  flash-melted  (bottom) 
zones  of  aluminum  film. 


Fourier-transformed  laser-EXAFS  data  from  Figure  2,  showing 
inter-atomic  distances  calculated  for  solid  (top)  and  flash- 
melted  (bottom)  aluminum. 
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RECOMMENDATIONS  FOR  FUTURE  RESEARCH 


On  the  basis  of  the  research  performed  to  date,  it  seems  clear 
that  laser-EXAFS  is  now  well  established  as  a  viable  tool  for  the  study  of 
chemical  structure  in  a  variety  of  materials  under  both  static  and 
transient  conditions.  The  laser-EXAFS  technique  thus  makes  possible  a 
number  of  new  studies  of  major  scientific  importance  (and  possible 
relevance  to  Air  Force  goals).  Among  these  are  the  following  key 
experimental  areas: 

•  Flash-EXAFS  Studies  of  Rapidly  Melted  Metals  and  Alloys.  As 
the  last  manuscript  in  this  report  Indicates,  we  have  now 
demonstrated  that  flash-EXAFS  spectra  of  laser-melted  metals 
can  be  obtained  in  real  time.  This  provides  a  new  and 
powerful  tool  for  studying  the  dynamics  of  the  melting  and 
resolidification  process,  as  EXAFS  spectra  can  be  obtained  at 
a  variety  of  delay  times  after  the  melting  pulse  of  infrared 
laser  radiation  has  hit  the  sample.  This  area  is  particu¬ 
larly  relevant  to  both  the  growing  interest  in  rapidly  cooled 
amorphous  metals  and  the  contemplated  use  of  lasers  as 
defensive  weapons. 

•  Laser-EXAFS  Studies  of  Catalysts.  The  detailed  structures  of 
many  catalysts  used  for  chemical  synthesis  or  petroleum 
refining  are  known  only  poorly,  if  at  all.  For  those 
catalysts  which  contain  light  elements  within  the  range  of 
laser-EXAFS,  it  should  be  possible  to  elucidate  both  the 
structure  of  the  catalyst  itself  and  (with  suitable  fluo¬ 
rescence  detection  techniques)  the  structure  of  reactive 
species  adsorbed  to  the  surface  of  the  catalyst  material. 


•  Flash-EXAFS  Studies  of  Photosynthesis  and  Other  Photochemical 
Reactions.  In  flash-EXAFS,  there  exists  a  unique  tool  for 


•  Flash-EXAFS  Studies  of  Photosynthesis  and  Other  Photochemical 
Reactions.  In  flash-EXAFS,  there  exists  a  unique  tool  for 
probing  the  dynamic  structural  changes  that  occur  when 
molecules  are  excited  to  upper  electronic  states  by  the 
absorption  of  visible  or  ultraviolet  light.  This  Information 
is  of  crucial  importance,  not  only  to  understanding  the 
details  of  the  photosynthetic  process,  but  to  understanding 
the  photophysics  and  photochemistry  of  many  other  materials 
(including  dyes  and  pigments)  as  well. 

•  Laser-EXAFS  Studies  of  Metalloenzymes  and  Proteins  .  An  area 
of  crucial  importance  in  the  diagnosis  of  certain  metabolic 
diseases  is  the  comparative  study  of  the  structure  of  active 
sites  in  certain  metallo-enzymes  obtained  from  healthy 
individuals  and  from  patients  afflicted  with  the  disease. 
While  these  studies  are  presently  beyond  the  capabilities  of 
laser-EXAFS  because  the  enzymes  are  highly  dilute  in  the 
x-ray  absorbing  metal  atoms  (leading  to  serve  signal-to-noise 
problems),  we  anticipate  that  future  improvements  in  the 
laser-EXAFS  technique  will  make  these  experiments  feasible. 

In  addition  to  those  fields  of  study,  there  are  many  aspects  of 
the  laser-EXAFS  technique  that  are  in  need  of  further  development.  Chief 
among  these  are:  the  laser  system  itself,  which  should  be  replaced  by  a 
less  cumbersome,  more  efficient  laser  system;  the  detector  system,  which 
should  be  modified  to  permit  the  use  of  solid-state  photodiode  arrays  for 
both  transmission  and  front-surface  EXAFS  measurements;  and  the  data 
analysis  software,  which  should  be  improved  to  permit  the  use  of 
additional  techniques  for  background  removal  and  extraction  of  the  EXAFS 
signal. 


It  is  Battelle's  hope  that  experiments  of  the  type  outlined 


above  can  be  initiated  in  the  not-too-distant  future.  We  remain  committed 
to  the  further  development  and  utilization  of  the  laser-EXAFS  technique, 
and  hope  to  remain  in  the  forefront  of  this  most  exciting  new  field  of 
science. 


